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CONVERSION FACTORS, ABBREVIATIONS, AND VERTICAL DATUM

Multiply By To Obtaln
meter (m) 3.281 foot
kilometer (km) 0.6214 mile
square kilorneter (kmz) 0.3861 square mile
meter per second {m/s) 3.281 foot per second
meter per year (m/yr) 3.281 foot per year
gram (g) 0.03527 ounce
degreee Celsius (°C) F=18x°C+32 degree Pahrenheit (°F)

Other abbreviations in this repon;

g/em?, gram per cubic centimeter
Ty,e, Meter water equivalent

Sea level:

In this report, "sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929), a geodetic datum
derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called
Sea Level Daum of 1929.
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Observations of the Surge-Type Black Rapids
Glacier, Alaska, During a Quiescent Period, 1970-92

By Thomas A, Heinrichs, Lawrence R. Mayo, Dennis C. Trabant, and Rod S. March

Abstract

This report presents 23 years (1970 to 1992) of observations of Black Rapids Glacier,
Alaska. Black Rapids Glacier is a surge-type glacier which most recently surged in 1936-37
and is currently in its quiescent phase. This glacier is of special interest because it is a
potential hazard to the trans-Alaska o1l pipeline. Ten sites on the glacier were monitored
from 1972 to 1987, and three sites were monitored from 1988 to 1992, The measurement
program presented here includes observations of surface mass balance, ice velocity, and
surface altitude made twice each year. Additional one-time data include observations of ice
thickness, previously unreported observations of the 1936-37 surge, establishment of the
geodetic control monuments, and a new map of Black Rapids Glacier.

INTRODUCTION
Black Rapids Glacier—A Surge-Type Glacier

A surge-type glacier lies relatively quiescent for decades, growing steeper and accumulating
mass in its reservoir area for its next brief period of surge motion (Meier and Post, 1969). During
a surge, the built-up mass is transported at speeds of up to 100 times normal flow rates down-
glacier, resulting in thickening low on the glacier in the surge receiving area and, sometimes, a ter-
minus advance. Although considerable effort has gone into studies of a few surge-type glaciers,
many basic questions about the nature of surge-type glaciers remain unanswered. For example,
why do some glaciers surge while other nearby glaciers do not? What triggers a surge? Why are
surge-type glaciers geographically clustered in only a few well-defined areas? (Post, 1969).
Long-term observations of surge-type glaciers during their quiescent phases with simultaneous
observations of non-surge-type glaciers make possible the understanding of this interesting
phenomenon.

This report presents a long-term data set gathered during the quiescent phase of a surge-type
glacier: Black Rapids Glacier in the Alaska Range. This glacier most recently surged in 1936-37.
A regular series of deformed (looped) moraines on the glacier indicate that the glacier surged three
or more times during the 30-km-long transit of ice from its equilibrium line to its terminus.

INTRODUCTION 1



BYSElY ‘Isioein spidey yoelg ‘esse Apnis jJO uonesoT ‘L aunbi4

SERH Rer

Baly
Aprg

WISV

JBIEID)
Byang

19198]9
usJIelORY

18(28]E)
sje
& ~e08/0)

9108/
uaugy

10)08)

juepu ] BH

1819819 wayo

S
LE9

83

Am.v
LE9

a1 _ Zvl

2 Observations of the Surge-Type Black Rapids Glacier, Aiaaka, During a Quisscent Period, 1670-92



Location and Description

Black Rapids Glacier (fig. 1) is located in the east-central Alaska Range just south of some
of the highest mountains in the eastern half of the range. The ablation area of Black Rapids Glacier
lies in an east-west valley formed along the Denali Fault trench; most of the accumulation area lies
in two north-facing valleys. The eastern valley is a major tributary unofficially known as the “Loket
tributary” (fig. 2). The western accumulation area is considered to be part of the main ice stream.
Smaller tributaries contribute some ice to the main ice stream, as indicated by the moraine patterns
shown in figure 2. The ice is temperate (Harrison and others, 1975). The total area of the glacier,
including tributaries, is 246 km?. An additional 31 km? of glacier ice are not connected to Black
Rapids Glacier, giving a total glacier area of 277 km? in the basin. The drainage basin area is
473 km?; the lower boundary of the drainage basin is defined by the stream-gaging site (fig. 2)
established by the Universities of Alaska and Washington. Water draining from the Black Rapids
Glacier basin enters the Delta River.

In May 1992, the glacier was about 43 km in length. Ice-cored moraine remnants of the
1936-37 surge lie 4 km in front of the 1992 terminus and within 2 km of the Delta River. (The Rich-
ardson Highway and the trans-Alaska oil pipeline lie less than 500 m east of the Delta River.) The
present terminus, anid the jumble of stagnant ice-cored moraine left by the retreating glacier, now
lies about 6 kon from the Delta River. Black Rapids Glacier is remarkably uniform in width and
surface slope: the mean width of the main branch is 1.8 km. The main branch of the glacier spans
1,800 m of altitude (850 to 2,650 m.)

Geologic evidence is visible in the Delta River valley from previous surges of Black Rapids
Glacier. Reger and others (1993) established minimum ages for the surge moraines. They estimate
that the minimurm ages for the three visible moraines are 570 BP (or possibly as young as 210 BP),
1710 BP, and 3360 BP. Post and Mayo (1971) mapped the former shorelines of a lake formed in
the Delta River valley when a surge of the Black Rapids Glacier crossed and dammed the Delta
River.

Measurements
Measurement History

Black Rapids Glacier became the subject of scientific interest during the 1936-37 surge. The
advancing glacier threatened to cross the Delta River, overrun the Richardson Highway, and crush
the Rapids Roadhouse. Observations made during this exciting time were reported by Hance
(1937), Moffit (1939), and Dr. Otto Geist (University of Alaska, written commun,, undated). Moffit
summarized bystander observations which indicated that Black Rapids Glacier advanced approxi-
mately 4 miles (6.4 km) between December 3, 1936, and March 7, 1937. Dr. Geist's unpublished
observations of the advancing terminus are reported here (appendix A). Péwé and Taylor (1953)
measured ablation at six sites on Black Rapids Glacier during the summer of 1952.

INTRODUCTION 3
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Interest in Black Rapids Glacier was renewed in 1968 by the proposal to build the trans-
Alaska oil pipelie through the Alaska Range in the Delta River valley. Initial reconnaissance
trips were made into the basin in 1970, 1971, and April 1972 by L.R. Mayo to assess the potential
for another surge. In August 1972, a detailed monitoring program began when a large party of sci-
entists from the U.S. Geological Survey, University of Alaska, and University of Washington
installed geodetic control, surveyed, and set stakes along the main branch of the glacier and in the
Loket tributary. The stakes were used to measure mass balance, ice velocity, and surface altitude.
Stakes were maintained at 2-km intervals along the centerline of the main branch of the glacier
untl 1977.

The program was scaled down in 1977 to the 10 index sites that constitute the bulk of the data
in this report. Eight of those sites are on the main branch of the glacier and two are on the Loket
tributary. Mass balance, ice velocity, and surface altitude data were collected from these 10 index
sites. The techniques used to gather these data are described in the next section.

The U.S. Geological Survey (USGS) monitoring program was suspended in 1987 and
revived at a lower level in 1991 as a cooperative effort with the University of Alaska Fairbanks
(UAF), and University of Washington (UW), Some measurements were made between 1987 and
1990 by UAF and UW,; the data from this time period were analyzed and checked by the author to
ensure the long-term continuity of the data set. Most of the field work in recent years has been done
by field crews under the leadership of Professors William Harrison and Keith Echelmeyer from
UAE The number of sites monitored has been reduced to three in recent years.

Types of Measurements

At the core of the seasonal monitoring program at Black Rapids Glacier lie three basic mea-
surements: surface mass balance, ice velocity, and surface altitude. These measurements are made
at sites on the glacier with fixed horizontal coordinates. These fixed locations are referred to as the
index sites and have been visited repeatedly for 18 years. During the visits, stakes were reset near
the index sites in order to obtain a long-term data set in a fixed reference frame.

In addition to the mass balance, velocity, and altimde measurements made during every trip
to the glacier, ice thickness was measured at selected points and on several cross-profiles of the gla-
cier using ice-penetrating radar. The ice thickness measurements were usually made only once at
a Jocation. The change ip thickness of the ice is the change in surface altitude, assuming that the
altitude of the glacier bed is fixed.

Spatial Distribution

Measurements in this report are referred to a centerline coordinate system which originates
at the head of the glacier (fig. 2.) See the section “Coordinate Systems” later in this report. For
example, the 14 km index site is 14 km from the head of the glacier and approximately centered
across the valley. [n addition to the centerline coordinate system defined for the main glacier, mea-
surements are also referred to centerline coordinates running up the Loket tributary. These coordi-
nates are prefaced with an “L"— for example, L-22 km. Calculations of surveys are done in a Jocal,

8 Observations of the Surga-Type Black Rapids Glacier, Alaska, During a Qulescent Period, 1870-92



sea-level based, Cartesian coordinate system which is based on the UTM coordinate grid for the
area; see the “Coordinate System” section for details.

The mass balance, ice velocity, and surface aititude were monitored at 10 sites on the glacier
for 8 or more years: the 2, 4, 8, 14, 20, 26, 32, 38.3, L-19, and L-22 km sites (fig. 3). From July
1973 to July 1974, 16 sites were monitored at 2 km intervals along the centerline of main glacier
branch (4, 6, 8 km, etc.). Profiles of ice velocity and thickness across the glacier were also made at
several sites (fig. 4). In 1988, the monitoring was reduced to three sites: 8, 14, and 20 km.

Additional Studies

In addition to the data reported here, other researchers have made measurements of interest
on Black Rapids Glacier. Sturm (1987) measured the movement of the “potholes” on Black Rapids
Glacier using photogrammetry. William Harrison, Keith Echelmeyer, and Charles Raymond (UAF
and UW, written commun., 1994) measured short-term ice movement using daily photographs,
recorded seismicity, and measured vertical strain several times per hour over periods of many
months. In the summer of 1993, a field party from UAF and UW spent several months making
hourly and daily measurements of ice motion, surface altitude change, and bed seismic and radar
reflectivity.

MASS BALANCE

Mass Balance Data Tables

Both mass balance observations and calculated mass balance results for each site on the gla-
cier are reported in data tables in this report. Net balances were observed at each site [table 1 (p. 32
of this report), table 2 (p. 33-63), and data disk; see appendix B for information about the disk}. No
atternpt is made here to extrapolate the data to fixed dates or to extend the point balance measure-
ments spatially over the glacier to obtain the mass balance for the glacier. The data could be extrap-
olated spatially using the area-altitude distribution reported in appendix C.

The reader should be aware of the time-transgressive nature of the yearly net mass balances
measured between successive summer surfaces on large glaciers spanning wide ranges of altitude
such as Black Rapids Glacier. The net balance is the change in ice storage at the glacier surface
between two stratigraphic markers (the summer surfaces). Summer surfaces are formed at different
times of the year at different altitudes on the glacier. The summer surface high in the glacier accu-
mulation area can form (be fixed by autumn snowfall) one or two months before the summer sar-
face forms low in the ablation area.

The example calculations shown below demonstrate how mass balance observations made
during a typical site visit (fig. S) are used to calculate mass balance results.

MASS BALANCE 7
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Figure 3. Ice speed, surface altitude, and mass balance at Black Rapids Glacler.
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of the snow converted to its equivalent thickness of ice. At the 2, 4, 8, and L-19 km sites, the measured surface
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32 km no data July-73 to July-74
34.4 km April-87 no data

Figure 4. Cross-profiles of ice velocity and thickness, Black Rapids Glacier.
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Figure 5. Glacier mass balance observation slte showing snow pit, stake, and snow probe
measurements.

Example Calculations

Following are three examples to illustrate the calculations used to obtain mass balances from
field observations. Snow and firn densities at a site are frequently estimated using our intuition,
drawing on the history of observed densities at the site, at nearby sites, and at nearby Gulkana Gla-
cier. The stakes are labeled with the year of installation as the first number and the site location as
the second number—for example, stake 82-14. The first two examples are from the ablation area.

Ablation Area

The first example illustrates a year in which multip]e observations were made to a summer
surface during the measurement year (table 3, p. 64). The multiple summer surface observations
give different results, because the ice surface is uneven, and are reconciled to a single value.

The site was visited on March 24, 1976, when the snow surface at stake 75-14 was at 8.46 m
stake height, b’. Five snow depth probings had an average of 2.23 m. The five probe depths were
n =5 samples, for a mean snow thickness of 2.23 m and standard error of 0.01 m. Therefore, the
summer surface (b'ss) was at 6.23 m on stake 75-14 (8.46 - 2.23 = 6.23).
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The next visit to the site was on September 13, 1976. At stake 75-14, b’ was 5.31 m. At the
same time, the snow was probed once and the depth was 0.27 m. Thus, the observed sumumer sur-
face was at 5.04 m on stake 75-14. It is necessary to look ahead to the next observation of this
stake to get the estimated summer surface. On March 19, 1977, the summer surface (b'ss) on stake
75-14 was observed to be 4.91 m. There are two measurements of the 1976 summer surface [Sep-
tember 1976 (5.04 m) and March 1977 (4.51 m)}, and their values must be reconciled. The esti-
mated summer surface is the average of these two numbers: 4.97 m.

The amount of ice ablation is calculated next. The ice thinned 1.26 m between April and
September (6.23 - 4.97 = 1.26). The ice balance, b(i), for the 1976 balance year is -1.26*0.90 =
-1.13 m,,, (meter of water equivalent). A similar calculation for stake 76-14 gives b(i) to be
-1.04 my,..

The bottom line of table 3 presents the results for the 1976 balance year. Two stakes were
under observation at the site during 1976, and each gave a slightly different result. The different
results are reconciled by averaging the results from the two stakes, giving an ice balance of
-1.09 my,, and a net balance of -1.09 m of water for the 1976 balance year.

The second example is another common situation that also occurs in the ablation area (table
4, p. 64). In this case, an ice surface is present on the fall trip to the glacier, so the summer surface
has not yet formed and must be observed on the following spring trip.

Stake 75-20 was installed and the first readings for the 1975 balance year were made on
March 2, 1975. The summer surface was at 8.46 m on the stake. On August 25, 1975, the fall trip
was made to the glacier. At this time, the stake reading was 6.05 m at an ice surface. The ice bal-
ance between March and August 1975 was -2.16 my, (= -2.41*0.90), and the net balance up to
that date is -2.16 my,, recorded in the b,, column. Additional ablation occurred during the remain-
ing part of the summer, and on the next trip to the glacier on March 24, 1976, the 1975 summer
surface (b'ss) was observed at 5.79 m. Thus, the net mass balance (b,;) for the 1975 balance year
was the ice melt b(i) = -2.40 my,.

Accumulation Area

Analysis of field data from the accumulation area is more challenging than analysis of abla-
tion area data because of complications of working with firn rather than glacier ice. A summer
surface on firm will stop a snow probe rod less reliably than an ablation area ice surface will; the
firn itself changes, by compacting, moving relative to the stake, and freezing water in its pore
spaces. The third example calculation (table 5, p. 65), which illustrates how the data are analyzed,
is from the 8 km site in the accumulation area of the glacier.

The first data for the 1980 balance year were gathered on March 27, 1980, yielding a stake
height reading (b") of 8.33 m at a snow surface and an average depth of 3.11 m from five probings.
The 1979 summer surface was observed to be at 5.22 m (8.33 - 3.11) stake height. The snow den-
sity was estimated to be 0.36 g/cm3 . Thus, the snow balance{b(s)] and the net balance (b,,) on that
date are 1.12 m,, b, = b(s) = p(s)*d(s). Internal accumulation for the year had not yet begun; the
snow was still cold and dry.
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At the following visit on September 4, 1980, the new snow surface was at 6.83 m stake
height. A pit was dug 0.32 m through the thin new snow to the summer surface (new fin with a
dirty surface), giving an observed summer surface height of 6.51 m. Assuming that the 1979 sum-
mer sucface (5.22 m) observed in March 1980 had not changed, then the 1980 increment of new
firn was 6.51 - 5.22 = 1.29 m. The firn density was estimated to be 0.51 g/em> , giving a new firn
balance, b(f), of 0.66 my,. The internal accumulation, b(k), was estimated to be 0.27 m of water,
using an estimated summer surface temperature in March 1980 of -7.2°C . The net balance for the
year, b, is the sum of the fim, b(f), and internal, b(k), accumulations: 0.66 + 0.27 = 0.93 m,, .

Error Analysis: Uncertainties in the Mass Balance Site Observations

The uncertainties of the mass balance results are a combination of the uncertainties in stake
readings, snow or firm density, snow depth, summer surface temperature, and internal accumula-
tion calculations. The standard error of the snow depth can be calculated if multiple snow prob-
ings are made and is a measure of the uncertainty in the snow depth measurement. The rest of
these uncertainties must be estimated because they were not observed with a sufficient number of
independent samples to calculate a standard error of observation. As examples, a site generally
has only one or two stakes, and when snow density is measured, usually only one pit is dug and
sampled. Error estimates are reported in table 6 (p. 65).

The error estimates for individual quantities are combined using standard techniques: uncer-
tainties in sums are combined in quadrature (the square root of the sum of the squares); for uncer-
tainties in products, the fractional errors are combined in quadrature (Taylor, 1982.) Examples of
uncertainties in common situations are illustrated in table 7 (p. 66). Most of the uncertainty in the
accumulation area arises from the uncertainty of the fim depth and density.

Not addressed in these uncertainty estimates are errors cansed by simple blunders that can-
not be checked independently. The most troublesome blunder is faulty snow depth probing in the
accumulation area. It is possible to probe through a summer surface if it is not well consolidated,
or for the probe rod to stop on an ice layer above the summer surface. The faulty probing could
usually be eliminated by studying the series of observations at a site and identifying inconsisten-
cies. However, it is possible that a few of the data reported here are, in fact, substantially in error.

Snow Pits

Twenty-three snow pits were studied on Black Rapids Glacier (appendix D). Snow density
and temperature were measured in each pit. Appendix D contains the detailed data tables and
uncertainty calculations.

Temperatures at the Summer Surface

The summer surface temperature used to estimate internal accumulation (Trabant and Mayo,
1985) at a site was measured occasionally. However, in most cases it had to be estimated from
observations at other sites on Black Rapids Glacier or from unpublished observations at Gulkana
Glacier. Observed and estimated summer surface temperatures are listed in appendix E.
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Snow Data for 1970-72

During the reconnaissance phase of the Black Rapids Glacier monitoring program
(1970-72), some snow depth data were gathered prior to the main program. Snow depth data were
gathered on August 27, 1970 and April 23, 1972 (table 8, p. 66). The most extensive snow prob-
ing ever done on Black Rapids Glacier (April 24, 1972) is plotted on figure 6 (p. 16-17).

ICE VELOCITY
Velocity Along the Glacier Centerline

Ice velocities at the 10 index sites on Black Rapids Glacier are reported in table 9 (p. 67-76)
and plotted 1in figure 3. Additional velocities measured along the centerline are reported in table
10. Typically, two measurement trips were made to the glacier each year. However, in some years
additional trips were made as a supplement to the usual spring and fall trips. These data are also
reported in table 10 (p. 77-78). A longitudinal profile of ice velocity with a marker every 2 km
along the glacier centerline from 4 to 36 km (except for 24 km) was measured from July 1973 to
July 1974 (table 11, p. 79). This longitudinal profile is plotted in figure 7.
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Figure 7. Lon%itudinal profile of ice speed at the surface of
Black Rapids Giacler measured from July 1973 to July 1974.
[See table 11 for data.]

The ice velocity at a site was determined by surveying the same stakes used for gathering
mass balance data. Commonly, a theodolite was set near the stake, and a three-point resection sur-
vey was done to ocate the theodolite. Foresight surveys were then made to the stake to locate it.
On other occasions, particularly in the early years, the theodolite was set up over a monument and
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foresight surveys were made to the stake using long-range distance measuring instruments. Both
the resection and foresight methods used for this work are explained by Mayo and others (1979)
and by Mayo and Trabant (1982). These surveying methods include treating the atmospheric
refraction of light as a measured variable, which is necessary for getting reliable vertical results
for surveys over the distances at Black Rapids Glacier.

The program mopitors changes in Black Rapids Glacier at specific sites with locations that
are fixed in horizontal space—the index sites. In order t0 measure the velocity continuously at a
fixed location near the index sites, stakes must be replaced regularly. The typical procedure is to
place a stake on the spring trip at a distance of about one year's flow displacement upstream from
the index site. The following spring, the stake will have moved to a location near the index site.
During the second spring trip after placement, the stake will be about one year's flow displace-
ment downstream from the index site. At this time, a new stake is placed about one year's flow
displacement above the index site. Both the old and new stakes are surveyed, and the 2-year cycle
is repeated. At sites low in the ablation area where the ablation is Jarge, stakes must be replaced
yearly to prevent thern from melting out.

In the velocity data tables (table 9), the date of the survey and the unique stake name are
reported in the two left columns. The next columns contain the coordinates of the base of the
stake (in the Jocal system, see “Coordinate Systems” section). Because stakes do not remain per-
fectly vertical after they are set—they lean or bend due to wind loading, snow loading, ice motion,
and ice melt—a surveying technique to more accurately locate the base of the stakes was used
(Hodge, 1972). It is assumed that the base of the stake is the most representative point in the
observation system and therefore it was used for the velocity calculations. To calculate lean, two
points are surveyed on the stake and the coordinates of the base of the stake are calculated. This
method was applied to all the stake data from 1978 to 1987. Prior to the adoption of thi technique
in 1978, the stakes’ base coordinates are calculated from a single survey of the stake as if the stake
were vertical. The pre-1978 flow data are, therefore, slightly less accurate than the later data,
Since 1987, about half of the stakes were surveyed with enough detail to make lean corrections,
so some of the data from recent years are less accurate than the data from 1978 to 1987.

The time period in days between measurements and the length of the three-dimensional dis-
placement vector are reported in the next two columns of table 9. From the period and displace-
ment, a velocity vector was calculated; its magnitude is called the seasonal speed. This speed is
the simple displacement speed measured between two successive surveys, which assumes the
flow was in a straight line. Seasonal changes in ice speed are easily seen in the sawtooth patterns
of the seasonal speeds plotted in figure 3. The flow azimurh is the horizontal direction of the flow,
measured positive clockwise from north in the local grid. In the next two columns of table 9, the
vertical components of flow are reported. The vertical displacement is the change in altitude of
the base of the stake between successive surveys. The vertical speed is calculated over the mea-
surement period. Finally, in the right-hand columy, the annual speed is reported. The annual
speed is calculated between two spring measurements whenever possible. It is reported separately
because it provides a better estirate of the average speed over the year. Also, in most recent
years, only one trip per year was made to the glacier, and it was desirable to compare speeds for
the entire period of record.
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It is important 10 note that the average velocities reported are the velocities calculated
between measurements. The observation dates are similar but not identical from year to year,
Black Rapids Glacier undergoes an annual cycle of speeding up and slowing down, so the point in
this cycle at which the survey is made affects the caleulated velocity. It is particularly important to
keep this in mind when interpreting changes in seasonal velocities.

Uncertainty in the results using these surveying techniques was addressed by Mayo and oth-
ers (1979). For Black Rapids Glacier, a set of four surveys was examined for uncertainties. Uncer-
tainty in the horizontal coordinate was estimated to be +0.05 m. The uncertainty of the vertical
coordinates is approximately +0.05 m. The uncertainty in the position of the base of the stake,
determined by using the Jean calculations described above, was estimated to be 0.25 m. Given
these uncertainties, the estimated uncertainty in the displacement calculated between two surveys

iS

' $037m = +J0.052+0.05%+0.052 + 0.052 + 0.252 + 0.25%m .

Cross-Velocity Profilas

Four profiles of velocity across the direction of ice flow have been measured at Black Rap-
ids Glacier {table 12 (p. 80-81) and figure 8]. The profile at 15 km in 1990 was measured using
markers riding on the surface of the glacier. They were set out on top of the snow in May and re-
surveyed in July after the snow had melted. Only the horizontal velocities are reported for this 15
km profile.

Range-LIne Speed Measurements

In the early days of the Black Rapids Glacier project (1971-74), ice speeds were measured
by visually lining up pairs of markers fixed on rock or moraine adjacent to the glacier, similar to
sighting a rifie. First, a stake was drilled into the ice in line with the markers. On the next visit to
the site, the observer would position himself in line with the markers, effectively occupying the
same position of the stake as when it was installed. The distance between the observer and the
stake would then be measured with a tape, giving the stake displacement between observations,
These range-line speed data can be found in table 13 (p. 82).

SURFACE ALTITUDE
Monitoring of Index Site Altitudes

Glacier surges are a cyclic process involving mass accumulation on the upper glacier and
mass wastage on the lower glacier in the years between surges (Bindschadler, 1982). To monitor
these geometric changes in Black Rapids Glacier, the surface altitudes of index sites fixed in hori-
zontal space were measured repeatedly. A practical technique for measuring these index site alti-
tudes (Mayo and Trabant, 1982) involves finding the approximate location of the site by going to
the stake near the index site, and then surveying three points on the glacier surface around the
index site to define a plane. The altitude of that plane at the index site horizontal coordinates (see
table 21 later in report) is the observed index site altitude.
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Surface altitude measurements at the 10 primary index sites are reported in table 14 (p. 83-
92) and plotted in figure 3. In the tables, the surface altitude is the observed surface altitude. The
ice equivalent altitude, a useful quantity for making ice dynamics calculations, is calculated by
converting the measured snow depth into its equivalent ice depth and adding it to the measured
ice surface altitude.

The surveying technique using three points to measure index site altitude was not imple-
mented fully in the monitoring program at Black Rapids Glacier until 1978. Index altitudes
reported prior to 1978 were calculated using the surface plane orientation measured by surveying
three points in 1978 and adjusting the altitude of the plane up or down using a single glacier sur-
face point surveyed near the index site.

The uncertainty in the vertical surveys is approximately +0.05 m. Further uncertainty in the
index site altitudes 1s derived from the possibility that the three points chosen to define the surface
are not representative of the average glacier surface. If an average value of £0.25 m is assigned to
this uncertainty, the combined error, including both terms, is 0.25 m.

Profiles for 1973 and 1976, and Map of 1972

Detailed surveys of the glacier surface were made in July 1973 and March 1976. These alti-
tude point measurements are reported in table 15 (p. 93-94). Their locations and values are shown
on figure 9.

A map of the glacier surface in 1973 (fig. 2) was drawn because the photogrammetric topo-
graphic maps currently published by the USGS were made from vertical air photographs taken in
1948-49 and 1954 (Mt. Hayes B4 quadrangle) and 1950 and 1956 (Mt. Hayes B-5 quadrangle).
The glacier surface has changed substantially in the time since the map photographs were taken.
The 1973 map in this report was not made using photogrammetric methods. The glacier surface
contours were drawn using the point data from the 1973 and 1976 geodetic surveys. Most of the
point survey data were near the glacier centerline, so the contours were extended across the width
of the glacier using contour shapes from the existing USGS quadrangle maps. The glacier bound-
ary and moraine positions were drawn using oblique air photographs taken in 1973. The contours
of static features, such as valley walls, were converted manually from feet to meters from the
1954 USGS maps. The 1973 map in this report is qualitatively correct, but there could be substan-
tial quantitative errors, particularly in regions of the glacier where no surveying was done.

Altimeter Measurements for 1970

During the initial phase of the Black Rapids Glacier monitoring program, some reconpais-
sance surface altitude data were gathered. The altitudes shown in table 16 (p. 94) were measured
using a surveying altimeter of unknown accuracy. Locations were noted in the field by map read-
ing and are accurate to about 200 m.
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[See table 15 for data.]
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ICE THICKNESS

Ice thicknesses on Black Rapids Glacier were measured using ice-penetrating radar apparatus
(Watts and Wright, 1981). The results of the ice radar surveys are reported in table 17 (p. 96) and
plotted in figure 10. The delay time, t; , read from the screen of an analog oscilloscope, is reported.

The 1990 data were recorded using a digital oscilloscope. The delay time is the length of time
elapsed between the triggering of the oscilloscope by the direct air wave and the return of the
reflected wave from the glacier bed. The return time and antenna separation define the ellipsoid
from which the returning signal was reflected. The length of the semi-major axis of this ellipsoid

(1;+slc
2
separation, and c;, is the speed of light in air (300 x 106 nv/s). The length of the semi-minor axis

JAY ~ (s12)?
2

the ice depth (Mayo and Trabant, 1982). To get true ice depths, more interpretation must be made:
the data must be migrated, a calculation not made in this data report.

is A= Cice air)

where c;,, is the speed of light in ice ( 168 x 105 m/s), s is the antenna

of the ellipsoid, R = , which is called the return radius, is a first approximation to

The ice radar measurements are located with different degrees of accuracy. Some measure-
ment Jocations were surveyed to sub-meter accuracy using standard surveying techniques. Some
of the other data are positioned using map readings (about #200 m); some were surveyed short dis-
tances with a Brunton compass and tape measure from stakes located accurately by standard sur-
veys (110 to 20 m.) The method of positioning is listed in the right-hand column of table 17.

COORDINATE SYSTEMS

Local Coordinate System and Survey Monuments

Geodetic surveys made at Black Rapids Glacier with theodolites and electronic distance mea-
suring equipment are reported in a local coordinate system. This reference grid appears on the base
map as the X and Y coordinates (fig. 2). The local coordinate system is an arbitrary rectilinear grid
with its horizontal scale at sea level. Its origin is located approximately at UTM Easting 516,000
m, and Northing 7,026,000 of Zone 6. The local grid is also approximately parallel with UTM Zone
6. The 33 monuments in the basin were surveyed carefully to establish a high order of internal con-
sistency. A survey to tie the net to the UTM grid has not been made; however, altitudes at Black
Rapids Glacier are controlled by a survey between monument Rubble and VABM Rapids. A survey
done in 1992 using Global Positioning System (GPS) equipment establishes a preliminary tie
between the local system and the UTM system.
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The locations of the monuments within the local coordinate system were established by sur-
veying with theodolites and by measuring distances electronically with a microwave frequency
device, Honzontal and vertical angles were measured multiple times and averaged. Distances
were measured between redundant monument pairs. The net was calculated by least squares net-
work adjustment (Sikonia, 1977.) Unfortunately, in the 15 years between Sikonia's network com-
putation and the preparation of this report, the original output and results frorm the network
adjustment program have been lost and cannot be reproduced without major effort. The monu-
ment coordinates are available, but not the calculated uncertainties. Monument coordinates are
listed in table 18 (p. 97).

Even though the local coordinate system is not rigorously tied to UTM, the local grid was
approximately lined up with the UTM grid and the following conversions can be used to approxi-
mately convert between UTM and local coordinates (Mayo and others, 1979):

UTM Easting = 0.999618*X + 516,000 (1)
UTM Northing = 0.999618*Y + 7,026,000 (2)

where X and Y are the local sea-level coordinates in meters. Jt is important to keep in mind that
the UTM coordinates derived from these equations from the current local net are more than 100 m
in error. In May 1992, a field crew from the University of Alaska made GPS measurements of
several points in the basin to compare the arbitrary local coordinate system to UTM (North Amer-
ican Datum 1927). Two monuments were surveyed: Lake and Potholes (table 19, p. 97). Assum-
ing the local coordinate system is internally consistent, it can be rotated, translated, and scaled to
a better approximation of the UTM grid. The transformation between the Jocal (untied) system
and the GPS derived system is based on the two observations in table 19.

We transformed the coordinate pairs between Lake

(local net, table 18, (14557.92, 14664.43)] «> [GPS-denved, table 19, (14440.10, 14635.39)] and
Potholes (4959.20, 12811.29) «> (4841.13, 12788.72).

To convert between local coordinates and GPS-derived coordinates, use:
X=(scos 0)X'-(ssin @)Y + ¢ 3)
Y=(ssinB)X'+ (scos B)Y' +d 4)

where X, ¥, X, and Y are local (not UTM) coordinates, s is the scale change between the two local
systems, 0 is the angle of rotation, and ¢ and d are the translations (Moffitt and Bouchard, 1987,
p. 315). For the transformation from local (X'Y) to GPS-derived coordinates (X, Y),
5 = 0.99989965, 6 =-0.03747908° , ¢ = -125.9514, and 4 = -18.0427. To go from GPS-derived
(X,Y") to local coordinates (X,Y), s=1.00010036, 6=0.037479085°, c=125.9522, and
d = 18.1269,

A more rigorous set of GPS observations must be made before we will transform our local
network coordinates. The University of Alaska observations are reported here so that if the more
thorough GPS survey is never made, future studies will have this initial transformation o use as a
starting point. The GPS measurements should be considered preliminary.
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As a preliminary check on the transformation, three of the index stakes that were surveyed
with GPS can be compared with geodetic surveys made within the local net (table 20, p. 98) 4 or
5 days after the GPS surveys. Some displacement caused by ice motion occurred during the inter-
val between the surveys.

Centerline Coordinate System

A second coordinate system in use on Black Rapids Glacier is the centerline coordinate sys-
tem (fig. 2, table 21, p. 98). This curvilinear, longitudinal systern defines points at one kilometer
intervals (horizontal distance) approximately along the glacier centerline. The origin (0 km) is at
the summit of a small rock knob at the head of the glacier. This coordinate system is useful for
dynamics calculations and for quick reference to Jocations along the glacier. The index sites are
located at points defined by the centerline coordinate system.

The centerline coordinates for the Loket tributary originate at the 26-km centerline point on
the main branch of the glacier. They are defined every kilometer up-glacier from that point. The
Loket centerline coordinates are prefaced with an "L" to distinguish them from the coordinates
along the main ice stream.
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Tabile 1. Net mass balance data, Black Rapids Glacier
[Results are given in meters of water aquivalent. This {able is condensed from tabie 2, which contains the field data
and computation detalts, km, kilometers; —, no data.)

Balance Net mass balance, Black Rapids Glacier site

year 2km 4km 8km 14km 20km 26 km 32km 38 km L-19 km L-22 km
1972 e - — 276 - 425 - - -
1973 -~ 077 -209 -408 -465 -
1974 182 052 -0.16 -195 -3.63 -428 ~— - -
1975 — 120 044 -055 -240 -3.12 -442 -542
1976 — 138 072 -1.09 -3.01 -3.20 -479 —~ — -
1977 2.47 1.87 093 -051 -209 -3.00 -445 -6.02 — -1.56
1978 - 110 0.34 -138 -317 -3.71 -513 -8.06 --- -2.64
1879 — 092 006 -198 -~ -420 - -6.87 -
1980 - 225 093 -010 -198 -318 -3.97 -6.21 0.53 -1.35
1981 322 187 089 -0.19 -223 -413 -490 -649 0.29 -1.85
1982 — %18 046 -087 -274 -414 501 -6.28 -0.54 -2.37
1983 — 157 016 -0.86 -236 -3.20 -405 -562 -0.55 -2.06
1984 -- 118 0687 -060 -232 -3.78 -436 -5907 -0.22 -1.79
1985 —- 162 097 013 -214 -308 -385 -529 0.23 ~1.42
1986 - 178 071 -046 -2865 -434 442 -629 -083 -2.26
1987 - - 020 -075 -277 -449 -424 -588 0.13 -1.23
1988 - 041 -075 -213 -433 -355 - -2.47
1989 - -~ 0981 -140 - 402 -- 571 - —n
1990 - - 185 -167 -3.258 = --- —~- — -~
1991 - 069 -069 -262 - -—
1992 ~ 078 -089 -224 - — — — —
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Table 2A. Mass balance, 2 km site, Black Rapids Glacier

[m/dly, month/day/vear, b', hewghi of surface on stake, measured relative lo base of stake; m, meters: p, density; g/fom?, grams per cubic centimelar, &(s), depth
of snow, Stake d(s) is calculaled by subltaciing a previously observed summer surface heighl {b'ss) from b', Probe d(s) is measuted by farcing a (hin probe rod
through the snow pack unfil il is stopped by (he hard summer surface; n. number of abservalions; s ¢.. standard error; Est,, eslimaled, b'ss, heighl of summer
surface on stake, measured relzlive 10 base of stake; Cbsv., observed, b(i), e balance, b(f), im balance; b(s}, snow balance; k), internal accumulation--rain
and snow meli waler refrozen in the pore zpace of permeable fin in the accumulation area (Trabant and Mayo, 19B5), br, nel mass balance; mwe, melers water
equivalent; Sup. ice, superimpased ite)

Gbservalions Accumulalion calcudations Sununer surfaca  Ablalion calcidalions Mass balance rasulls
Dete  Stekereadng Slake Bil Preba dis)  Matetid Thickness o bss Malend Changs p lee Fin Snow [memal  Nel
b Sulsce dofs) p  dis) Mean n Mean se n Bsl. OWv. Esl sl of) b} bfs) oK) &
wdy  (m) maiena (mj (glent) (m) {m) m_ {m) {gem?)  {m)  {m) m) fgeod)  (m) (e (M) (M) (M)
DATA FOR 1974 BALANCE YEAR:

STAKE 74-1.5 (instaBed 3/27/74)

w274 8148 Snow 280 1 Snav 280 1 032 225 033 0%

712974 543 Snow 020 Snow .20 f 30 52 06

Am 208 t 5 152 030 182

RESULTS FOR 1974 BALANCE YEAR 152 0 82

DATA FOR 1975 BALANCE YEAR:

STAKE 73-1.6 (insialied 228/75)

22875 6.00 Snow 398 6 Snow 398 001 & 033 202 155 155

J2W75 541 Snow
RESULYS FOR 1575 BALANCE YEAR. no results
RESULTS FOR 1976 BALANCE YEAR (no cats) "o resulls

DATA FOR 1677 BALANCE YEAR

STAKE 77-2 {inataied 3N&77)

Yiw77 590 Snow 800 2 Snew 600 000 2 038 <10 234 234

Y2Y77 58) Snow 146 6  Snow 148 00 6 .8 432 [¥]

Firn 442 1 5 226 021 247

RESULTS FOR 1877 BALANCE YEAR, 226 A 247

DATA FOR 1978 BALANCE YEAR:

77-2 {continuad)

Y2278 871 Snow 439 Saow 439 1 039 432 174 171
RESULTS FOR 1978 BALANCE YEAR: o resulfs
RESULTS FOR 1979 BALANCE YEAR' (ro dula) no [o8uits

DATA FOR 1880 BALANCE YEAR:
STAKE 80-2 {ing\aed 3/27/80)

V278D 350 Snow 10 $how depth meesured
94/80 488 Snow 0.63 Snow 063 1 02 405 0.18
RESULTS FOR 1980 BALANCE YEAR. 1o results

DATA FOR 1981 BALANCE YEAR:
80-2 (continuad)

Y285 772 Snow 367 Snow 387 1 0239 4.05 143 143

Y181 1116 Snow 1.25 Soow 1.2 i 4 8.9¢ 5¢
Fim 586 151 299 I <IN ¥ ¢

32482 1451 Snow 460 3 Soow 460 3 3 391 179

RESULTS FOR 198Y BALANCE YEAR' 2.59 (Y

TABLES 33



Table 2A, continued

Onservahans Accomuiation calculations Surnmer surfeco  Ablation calcusbons Mass balance resifis
Date Stake reddng Stake Pil Prehe dfs}  Malenal Thickness " b'sg Materid Cherge  p lce  Fim Snow Iderndd Net
B Sudacs dis) p ) Mesn 1 Mesn se. n EsL  Obsv Esl Est bi) N o) bk b
wdy (m malens {m) (gem') (m) (m) (m  (m @)  (m} (m) (M) (ger) ) (M) (Mn) (D) (M)
DATA FOR 1982 BALANCE YEAR;
£0-2 {continueg)
V2482 1451 Snow 480 3 Snow 460 005 3 039 941t §78 1.7¢
w82 1493 Soow no soow ceplh measured
STAKE 82-2 (installed ¥/24/82)
Y2482 600 Snow 460 3 Snow 460 s 3 3B 140 1.79 170
o1va2 6.08 Snow no snow depth measured
RESULTS FOR $982 BALANGE YEAR: no resulls

DATA FOR §983 BALANCE YEAR,
STAKE 83-2 (instalied 4/2V83)

42483 4T3 Snow no snow depth messured

YINE3 485 Snow no snew gepth measured

RESULTS FOR 1983 BALANCE YEAR: na results

DATA FOR 1984 BALANGE YEAR

STAKE 84-2A (installed Y16/84)

YioB4 438 Snow no snow deplh measured

&26/84 463 Snow na skow depth measired

STAKE 84-28 (ins(allod ¥/ 16/84)

684 462 Snow 80 snow deplh measured

/2084 48%  Snow no snow depth measurad

RESULLTS FOR 1084 BALANCE YEAR. no resulls

DATA FOR 1985 BALANCE YEAR.
STAKE 85-2 (installed 4/4/85)
4185 449 Soow no snaw dapth maasured

RESULTS FOR 1985 BALANCE YEAR! no rssuils
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Table 2B. Mass balance, 4 km site, Black Rapids Glacier

[midly, monthvdeyfyear, £, height of surface un stake, measured refative to base of stzke; m, melers; p, densily; g/cm®, grams per cubic centimeter, d(s), depth
of snow; Stake d{s) is calculaled by sublracting a previously coserved summer surface height {b'ss) from b, Probe d(s) 1s measured by forcing a fhin probe rod
ihraugh the snow pack onlil il is slopped by Ihe hard summer surface, n, number of cbservations; s.e., standard efror; EsL., estimated; b'ss, height of summey
surface on stake, measured relalive fo base of stake: Cbsv., cbserved: b(i), ice balance; b(f), firn balance; &(s), snow halance, bix), internal accumulation--rain
and snow mel! waler refrozen in (he pore space of permeable firn n the accumolalion area (Trabant and Mayo, 1985); bn, net mass balenca; mue, meters waler
equivalent, Sup. ice, supenmposed 1ce]

Chsarvalions Accumufatien caleulst 5 surface  Ablaton calculalions Mass balance rasults
Dale Stkereadng Stake Pil Probe {3} Malerld  Thickness o b'ss Mateld Change  p loe  Fim Snow Inlemd N&t
b Sufece d3) p ds) Mean Mzan se. n  Est Obsv. Est Est. b by b{s) bk b
midy (m) materiad  (m) (glem’) {m) {m) (m) (m) (gem’)  (m) (m) (m) (gemy) (M) (M) Imel} (M) (mu)
DATA FOR 1973 BALANGE YEAR:
SYAXE 734 [inelaiied 7149/73)
TRAML 478 Snow snow dopth nol measured
10247 575 Snow 1,03 Spow  1.03 i 040 472 0.41 0.4
U214 685 Show 0.32 1.93 Srow 192 1 32 4. .62
RESULTS FOR 1973 BALANGE YEAR: no fegulls
DATA FOR 1974 BALANCE YEAR
STAKE 73-4 (continued)
f0R47 575 Snow 103 Snow 1.0 Yy 040 472 041 0.41
Wnd 665  Smow 032 193 Snow 193 i 32 in 52 62
TRY14 591 Snow 79 Snow 7 1 20 512 18
Fim .40 t 5 2 K 2
YWIT5 B8 Smow 3 368 an 3 Sww  3TE 004 4 B 542 1.47
RESULYS FOR 1974 BALANCE YEAR: 21 k)| 62
DATA FOR 1975 BALANCE YEAR,
STAKE73-4  (stake not found on 2/28/75; b’ calculaled usin 75-4 dala)
272675 883  Snow 039 368 3l 3 Snow 376 004 4 039 512 1.4 1.47
828/75 713 Snow 0.02 20 Snow .02 1 20 M 00
fim 199 1 58 1.0% 048 120
32378 11.06 Snow 188 Snow 385 09 6 38 71 1.50
STAKE 75-4 (installed 228/75)
W5 760 Snow 38 368 318 ) Snow 3786 04 4 ] 384 1.47 1.47
ARA75 §85  Snow 02 20 Snow .02 1 20 58 00
Am 139 1 81 .01 9 L2
RESULYS FOR 1975 BALANCE YEAR: (sverage of stakes 734 and 78-4) 01 A3 120

DATA FOR 1976 BALANCE YEAR
STAKE 73-4 (conknuad)

275 713 Smow Q.02 Srow 002 { 0% 711 0.00 0,00
376 $3.06  Snow 395 6 Sww 39 o § 39 NS 1.50 1.50
91YY6 871  Snow Snow 35 1 28 8.36 .03

Fm 225 { 51 145 27 4@
Now' Snow depth nol measwed on 871 W76, d{s) esimated rom & m dals
STAKE 76-4 (stake nol found on Y2378)
82475 885  SGnow 02 .20 Snow .02 ( .20 58 .00 00
9)13/76 830 Snow 2B Snow .35 1 2% 1% 08

fim 212 1 81 1,08 2 138
Nole: Snow depth al stake 75-4 on 28775 mierted kom medswroments sl stake 734,
Nola: Snow depth niol measured ont 91176 d{s) estimated rom 8 km dala
RESULTS FOR 1976 BALANCE YEAR: [sverage of stakes 73.4 and 754-4) 111 77 138

DATA FOR 1977 GALANCE YEAR:
BTAKE 774 (installed 3/18/77)

MWTY $96  Snow §38 3 Bnow 53 o 3 0.34 0.58 208 208
V77 500  Spow 116 10 Snow 196 01 10 .33 384 3

Ffm 377 ) 51 167 020 18
RESULTS FOR 1977 RALANCE YEAR: 1.67 0 a7
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Table 28, continued

Observations Accumubalien caleudal § sufece  Abfabon caloualions Mass balence (6suils
Dats  Slake rosdey Sizke Pil Proba dis)  Maleriat Thickness P b'ss Material Ghange o lca  Fim Snow (nfomal  Net
b Swilice ds) p  dis) Msan n Meon 3.6, n Est  Obsv. Est Bl o) B 65l bik) b,
ovdy (m) melsdal (m) (gen?) (m) () (m (m)  (gem?)  (m) (m) (M) (glem’)  im) (M) (Mad  (Mae) (W)}
DATA FOR 1878 BALANCE YEAR:
STAKE 77-4 {conBried)
Y2377 500  Snow 148 10 Snow {16 001 10 033 3.84 0.38 0.33
78 1.2 Soow 34 S 8now )40 00 5 38 381 1.23 12
U786 600 Seow 219 Spow 218 i 40 1.8% 48 88
10”Y7 669 Snow 699 150 2 Srow 160 00 2 40 $.49 60
fim 168 5 86 24 110
RESULTS FOR 1978 BALANCE YEAR 86 24 110
DATA FOR 1979 BALANCE YEAR"
STAKE 77-4 {zonbruved)
182377 6.9 Sow 1.5 2 Snow 150 000 2 040 59 0.60 050
Y2879 8.82 Smow 365 10 Sow 368 03 10 36 517 (.3 1.31
Y18 8. Bmow 0.01 Snow .0t 1 36 6.\ 00
Fim 147 1 5 060 028 88
STAKE 79-4 (instglled 328/79)
Y809 624 Srow 365 10 Smow 365 03 10 .38 4.56 (.34 131
Y2378 583 Sow .04 Snow 0§ 1 20 592 .00
fim 1,38 1 1 69 28 97
RESULTS FOR 1979 BALANCE YEAR: (Bverage of 3takes 77-4 and 79-4) 64 ol 97
DATA FOR 1980 BALANCE YEAR®
STAKE 79-4 (slske nut found on 3/27/80)
8779 593 Saow .01 Soow .01 § .20 £.92 00 00
804/80 1026 Snow a5 Snow 48 A 20 901 .03
Fim .89 1 59 198 B 226
STAKE 80-4 (inslalied 1/27/80)
V27180 456 Snow 499 4 Snow 499 04 4 36 -3 \ 80 1.80
90480 396 Snow 45 Sow & 1 .30 358 4
Fin 384 1 51 136 B 274
RESULTS FOR 1980 BALANCE YEAR: {average of stakes 794 and 80-4) 1.97 28 225
OATA FOR 158 BALANCE YEAR'
STAXE 80-4 {contnusd)
Y480 396 Snow 0.45 Smvw 045 1 030 351 0.14 0.14
#2281 6487 Soow 3.36 Snow 338 ) 3% 359 1.2 in
908y 7.32  Seow .50 Srow 50 1 30 682 A8
I 4 Fim 321 01 4 3 360 <=3880ss .84 02 .87
RESULTS FOR (381 BALANCE YEAR' 1.84 23 .87
DATA FOR 1982 BALANGE YEAR'
STAKE 80-4 (continued)
91081 732 Snow 0.50 Sow  0.50 i 030 6.82 046 015
Y2482 1002 Snow 356 10 Smow 346 002 10 35 6.46 .28 128
0/10/82 8.4 Saow 40 Seow L 1 .30 8.4 A2
162 10 Fin 482 .03 10 5 8.62 <==1981ss R:x) 26 (18
STAKE §2-4 (ielolled JZW22)
V2482 418 Gmow 18 10 Ssow 356 .02 10 36 82 1.28 1.3
w82 3.0 Snow 40 Snow .40 1 30 2.8 A2
182 10 fm 182 03 {0 5 81 <ac1981ss 93 118
RESULYS FOR 1982 BALANCE YEAR. N 1.18
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Tabie 2B, continued

Observallons Actumdation caaukations Summer surface  Ablatlon calculations Mass balancs resulls
Date  Otske reading Slake Pil Probe dfs)  Maledal Thickness 0 b'ss Material Change p lce Fim Snow Intemal  Nel
b Sufece ds) p ) Mean n Mean se n Est  Obsv. Est Est. bl WD ns) bk b,
wdy (M) material (m) {glem) (m) (m) (m}  (m) fgem®  (m) (m) (M) fglom?)  {ma) (el (Med (Mo i)
DATA FOR 1983 BALANCE YEAR:
STAKE 8244 (conlinued)
910/82 3.08 Sanaw 0,40 Sow  0.40 1 030 263 012 0.12
423783 625 Snow 388 7 Snow 388 03 7 8 237 140 1.40
918/83 536 Snow 40 Snow %0 .30 4.96 A2
Arm 259 5% .32 025 197
RESULYS FOR 1843 BALANCE YEAR: 1.32 2B 187
DATAFOR 1984 BALANCE YEAR,
STAKE 82-A (conlinued)
9Me/B83 536  Spow 040 Snow 040 t 030 496 012 0.12
J16/84 806 Smow 110 Snow 310 1 .38 436 112 1.12
STAKE 84-4A (instelled X16/84)
J/16/84 6.45 Spow 310 Snow 31D ] 38 a5 112 142
8&428/84 534 Snow 58 Snow 58 1 .30 476 A7
Fim 171 { 51 87 % 112
44185 856 Snow 380 5 Sw 18 0t S 38 475 137
STAKE B4 48 (Instaled 2HE/R4)
1684 603 Spow 310 Srow 310 1 .38 323 112 1.12
82884 559 Snow 42 Sraw 42 1 el 547 A3
Fon 194 1 54 99 2
4485 8§97  Snow 3eo 5 Snow 380 01 S .38 S(7 137
RESULTS FOR 1984 BALANCE YEAR: (avosage of stekes 84-4A and B4-48) R 2B 18
DATA FOR 1985 BA), ANCE YEAR-
STAKE 84-4A [contnued)
Br28/84 534 Bnow 058 Snow 058 030 476 0.17 017
H4s5 856  Snow 380 5 Srow 380 01 5 36 478 137 1,37
912/85 808 Snow 0.72 Sriow 72 § .30 7.36 72
Fim 280 f 5 476 133 033  1.66
STAKE 84-4B (conlirued)
8284 558 Smow 42 Snow .42 ! R 517 13
4485 .57 Soow 380 5 Snow 380 01 5 36 517 137 137
A1YsS 833 Snow 12 Srow 72 i 30 T.69 22
Firn  2.44 1 §1 517 1.24 3 157
RESULYS FOR 1985 BALANCE YEAR: {averags of stakes BA-44 and §4-4B) 1.29 33162
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Table 2B, continued

Obsarvations Accumulalion calculal Summer Sudece  Ablaton calafalons Mass balance 165Uty
Dale  Sigkereadng Sloke £l frobe dfs)  Malanal Thickness » b'ss Material Change p Ice  Fim Spow (namal  Net
b Sudace ds)  p A0 Men n Men se n Ed  Obsv. Esl. Esi By o) b{s} bk by
miay  {m) matedal (m) {(gha) (m) {m) {m) (m} {gemt) (M) (m) M) (gem?) (M) (Me) (M) (M) (M)
OATA FOR 1988 BALANCE YEAR,
STAXE Bd~4A {conlriued)
9MuBs 808 Snow 0r2 Snow (72 1 03D 736 on 2
A13/88 1077  Snow 38 S Snow 380 003 § .36 687 1.37 137
912588 1042 Srow 45 Snow 45 1 30 997 14
Fim 300 ) S5 1.53 0.7 1.8
STAKE 84448 {contirued)
91285 8.33 Snow 72 Snow 2 } 30 7.64 22
4388 1124 Snow 38 § Snow 380 03 ¢ 36 7.4 1.37 137
812586 1072 Snaw A5 Snew .45 i 30 10,27 4
Fm 283 1 51 144 21 1N
STAKE 86-4 (installed 4/3/88)
YUBE 614  Snow 38 5 Snow 330 3 ¢ 38 24 1.37 137
925188 S.83  Snow 4 Snow 45 1 .30 538 14
fim 304 1 51 155 2 182
RESULTS FOR 1986 BALANCE YEAR {average of 84-4A 8448, and 86-4) 1.51 2 17
DATA FOR 1987 BALANCE YEAR.
STAKE 864 {conunued)
0/25/86 5.83  Srow 0.45 Spow 045 1 030 538 0.14 0.4
YE/ET 884 Snow 426 Snow 4,26 1 36 438 1.5 1.53
STAKE 874 linslalled J/18/87)
WI8B7 702 Snow 428 Snow 426 1 36 2% 153 153
e resdls

RESULTS FOR 1987 BALANCE YEAR
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Table 2C. Mass batance, 8 km site, Black Rapids Glacier

(m/dly, monih/day/yaer; b, height of surface on stake, measured relatve to base of stake; m, meiers, p, density; g/om?, grams per cubic centimeter, d(s), depth
of snow; Slake d(s) is calculaled by sublracling a previously observed summer surface height (b'ss) from b', Probe d(s) is measured by lorcing a fhin probe rod
through the snow pack unlil it 1s sicpped by Ihe hard summer surface; n, number of cbservalions, s.e , standard error; Est,, estimated; b'ss, height of summer
surface on stake, measuted retative lo base of stake; Obsv., observed; b)), ice befance; b(f), fir balance; b(s), snow balance; b(k), nlerna) accumulation—rain
and snow mell water refrozen in the pare space of permeable fin in the accumulation area (Trabant and Mayo, 1985); bw, nel mass balance; mey, Melers walst

equivalent; Sup 1ce, superimposed 1ce]

Obsaryahons Accumulalion calediations  Sommer surfsce  Ablation ealcuations Mess balaice resuts
Date  Slakereadng  Stake Pit Prooe dis) Materid  Thickness  p b'ss Malenial Change e Ftn  Snow Imems  Net
b Swiace dis) p dis) Mean n Meen se. n Est  Obtsv. FEsL Est b{) bi) bfs) bE b
midy (m) materigd (M) (gem) (m)  (m) (m) (m)  (genr’) (m) [m) (M {gem) (M) (M) (04a) (M) (M)
DATA FOR 1673 BALANCE YEAR
STAKE 73-8.0 {instaled 7122173
WRAM 150  Snow
12473 210 Snow 690 1 Snow 0480 1 025 120 022
Y2774 274 Snow 140 1 Snow 140 1 8 134 0
STAKE 73.8.7F (instelied 10¥27/73)
1727773 160 Snow 025 079 Saow .79 f 5% 08 19
V74 230  Soow 140 1 Snow 1.40 1 ® 080 %0
RESULTS FOR 1973 BALANCE YEAR: no g \fis
DATA FOR 1374 DALANCE YEAR'
STAXE 73-8.7-F
Y2774 2306 Snow 140 1 Snow .40 i 036 o050 050 050
712474 114 Snow 38 Snow .38 t 81 079 18 .18
STAKE 748 7-F (instalied 7/22/74)
7274 19 Snow k) Srow B 105 484 A8 A8
W75 625 Sno# 245 3 Snow 245 002 3 X 380 fim 104 HREF #CFI 81 3 #RER)
STAKE 73-80
Y2774 274 Snow 140 1 Snow 140 1 8 1M 50 50
275 145  Snow % Snow .33 1.8 12 18 18
STAKE 74-8.0 (inslalled ¥27/74)
Y274 501  Snow (40 1 Snow 140 1 38 36 50 .50
TIUTA 385 Snow 35 Snow 3 151 3% 13 A8
A5 540  Snow 252 6  Snow 252 6 .3 248 Fim - % ] . 47 &8 3 -8
RESULTS FOR 1374 BALANCE YEAR; {from 74.8.0, stake closest to indox slte) - 47 A1 - .16
DATA FOR 1975 BALANCE YEAR:
STAXE 7480
22475 510 Snow 252 6 Snow 252 002 6 033 258 083 083
2875 38 Snow 083 078 Snow .78 f 81 250 4 o020 &
Nale, 1975 summer surface netyet formed on 828175,
Y476 Snow B 283 285 7 Soow 206 m 7
Fim §t 48 ¢ 298 0u 20 “
Slake halghl, b', nat read on Y24/76, data from /13776 used lo determmne 1's$ ¢f summer sufacs,
Y1376 413 Snow . B Snow .25 1 B 88 .07
5 90 Fim 90 150 298 <==1975ss,
Nota: Snow pit oug through 1976 im accumulation lo 1975 summet sutace on 1476,
RESULTS FOR 1975 BALANCE YEAR' A 20 .«
DATA FOR 1978 BALANCE YEAR
STAKE 74-8.0 (continued)
276 Saow 033 283 285 8 Snow 285 002 B B 094 0.94
Stake height, b, not read on 324778
91376 413 Snow v I~ Snow 25 1 028 388 07
50 % Bn 90 1.0 288 <=19753s. 045 z n
Nole: Saaw pit dug Ihrough 1976 fim accumulalion lo 1975 summer surtace on ¥ 13/76.
RESULTS FOR 1976 BALANCE YEAR 46 7 n
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Table 2C, continued

Obswvations Accumulabion eglculations  Summas srface  Ablalion calcuations Mass balance resulls
Dsto  Slovareadng  Slake Pit Frobe &3) Matena Thickness Py [ Materidl Change Tee  Fm Snow (ntendl  Net
b Surfaca dfs) p ds) Meen a Mesn so n Est Obsv. Est Est b) B Bs) bk b,
mdy (m) matend (m) {gom?) {m)  (m) m) (M  {gem?) (m) (m) Mm@y (M) () (M) iyl (M)

DATAFOR 1977 BALANCE YEAR:

STAKE 74-8.0 (conbnued)
A18N7 240 Snow 040 289 287 A Snaw 387 002 4 040 53 155 1.85
802317 $78  Snow 28 & 077 10 Snow 78 .0f 10 28 498 2
Fim (48 15t 0.74 619 a3
RESUL TS FOR 1977 BALANCE YEAR: (from STAKE 74-8) 14 49 %
DATAFOR 1978 BALANCE YEAR.
STAKE 74-8.0 {continued)
20218 137 Snew 036 228 Snow 228 1 036 509 0.82 0.82
10123778 6.25 Snow 192§ Smow 1142 002 5 26 643 28
Fim 04 1 5 0.02 028 7
279 186 Snow 287 2 Snow 2§7 2 36 s0¢8 a3
STAKE 77-8 (installed %2377}
Y¥RNT 263 Soow 28 8 077 9 Snew 078 O 1D B 18S 2
2218 430 Snow 6 228 Snow  2.28 1 3% 203 82 82
Fm .18 1 5 08 2 24
STAKE 78-8 (Inslalied ¥ZH78)
Y278 162 Snow 36 228 Srow 228 1 534 42 82
10/23/78 8.80 Snow 28 112 & Snow 142 02 S 568 sl
Fin M 1 51 A7 25 42
9 821 Snow R 257 2 Smw 257 2 570 .93
RESUL TS FOR 1378 BALANCE YEAR: (average of stakas 74.8.0, 77-8, an 78-8) 09 25 M
DATA FOR 1979 BALANCE YEAR:
STAKE 74-8.0 (continuad)
Y79 7.68  Snow 257 2 Snow 257 000 2 036 508 0.93 0.93
380 7.85  Snow A5 Smow A1 01 5 38 474 Fm 03 059 018 027 .09
STAKE 7¢-8 (installed M22/78)
Y2879 827  Snow 257 2 Snaw 257 .00 2 .3 570 S 93
82378 548 Snow 026 Snow 28 12 522 Fim - .48 5 -4 27 m
/80 833 Snow 311 5 Spow Mt 5 38 527
RESULYS FOR 1879 BALANCE YEAR' (average af slekes 74-8 and 78-8) -2 21 08
OATAFOR 1960 BALANCE YEAR:
STAKE 78-8 {contnued)
7180 B33 Snow 311 5 Spow 311 Q01 5 036 5272 112 112
AYBD 683  Snow 0.32 Snow .32 2% 65 08
Fim 1,29 t 5 0.88 027 83
RESULTS FOR 1980 BALANCE YEAR. .88 21 8
DATAFOR 1981 BALANCE YEAR!
STARE 78-8 (continued)
2181 805  Snow 2.67 10 Snow 247 002 40 036 639 0.98 0.96
281 824 Snow 1,86 Snow 1,86 i @ 638 74 74
STAKE 81-8 (installed 2281}
V728t 833  Snaw 267 10 Snow 287 02 10 36 366 96 9
872281 550 Snow (.84 Srow  1.84 {4 3.66 74 74
YN8 552 Bnow 0.55 Srow .46 i 26 497 14
Fim {31 151 0.67 02 .89
324/82 782 Snow 270 5 Snow 270 02 5 36 483 97
REBULTS FOR 1981 BALANCE YEAR: 67 2 88
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Table 2C, continuad

Dbservations Accumulation calcdalions  Summet surface  Ablation ¢alculatians Mass balance resulls
Date  Stakereadny Slake PR Plobe &(3) Material Thicknass n b'ss Materiad Change  p lce  Fim  Snow Inlemal Nl
b Sufece d(s) o  d(s) Mem n Mea se. n Esl  Obsv Est Esl, bi b  bfs) bk b,
mdy (m) malerid (m) (glem’) (m)  (m) (m)  {m) {gfem’) (m) (m) m) (gon’) (g (M) (m) (M) (M)

DATA FOR 1982 BALANCE YEAR

STAKE 81-8 [continued)
Y2482 762 Snow 270 53 Snow 270 002 5 038 4% 097 097
YIWEL 89 Snow 0.28 Snow 25 1t % s 07

Firn 42 1 .8 021 028 A8
421783 781  Snow 230 10 Snow 230 10 3% 55 8
RESULTS FOR 1982 BALANCE YEAR' A 2 8

DATA FOR 1983 BALANCE YEAR
STAKE 81-8 (contnued)

V21163 781  Snow 230 10 Snow 230 10 036 551 083 0.83
¥8/83 $70 Bnow Q61 Snow €1 ' % 503 A8

firn - A2 5 0.21 [¥2) 02
YNG4 618 Snow 307 7 Snow 307 001 7 % 508 111
STAKE 83-8 (Insleficd 4/21/83)
42983 6.17 Snaw 230 10 Saow 230 0 % 387 .8 8
B3 453  Snow kD) Snow 0 { % 403 3

firn 16 1.5 .08 R 3
¥17/84 710 Snow 307 7 Saow 307 7 3% 40 1.11
RESULTS FOR 1983 BALANCE YEAR- {evarage of slokes 81-8 and 83-8) - 07 23 16

DATA FOR 1934 BALANCE YEAR.
STAKE 838 [conbrued)

Y784 710 Snow 307 7  Snow 307 001 7 038 403 111 {.41
BRWBL 589 Snow 081 Snow .31 1 2% 488 il
Firn 85 I 51 0.43 o 67
RESULTS FOR 1984 BALANCE YEAR A3 U 7
DATA FOR 1985 BALANCE YEAR
STAKE 83-8 (contnued)
44185 842  Snow 274 7 Snow 274 00! 7 036 538 099 099
Y185 706  Snow 040 Snow 40 1 % 688 10
Fien 128 LI ¢ @65 0132 ar
4yes 920 Snow 2253 7 Smow 225 01 7 % 695 81
RESULTS FOR 1985 BALANCE YEAR. 65 kY] 97
DATA FOR (388 BALANCE YEAR
STAXE 83-8 {conlinued)
N8BS 820 Snow 225 7 Snow 225 00' 7 038 695 081 0.8y
Y2586 806 Snow 038 Snow 38 1 2% 768 16
.87 Fien 87 1 451 681 <==1985ss. 0.44 0.27 n
SVAKE 86-8 (Ins\alled AI¥/85) .
Y86 5.67 Snow 225 7 Snow 225 Of 7 3§ 362 8t 81
Y2588 471 Snow -} Snow .38 1.8 4R 10
87 Ffmm 87 1 51 346 <==1985ss, 4 27 "
A8 719 Snow 300 t  Snow 300 1 4 419 132
RESULTS FOR 1685 BALANCE YEAR: A4 ¥ 4]
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Table 2C, continued

Obsefvalions Accumulafion calcudslions  Summer surface  Ablation caleualons Mass balancs resultx
Cale Slake leadng  Stake il Frobe dfs) Malenal  Thidmess b'ss Material Changs  p e Fim  Soow Tnlemal Nel
o Surface  dls) p d{s) Mesn n Mean sa n Fst  Obsv. Est EsL bi)  b(f) B(s) by b
ndy (m) matensl  (m) (glom®) (m)  (m) (m) (m) {glem?) (m)  (m) M) (gan!)  {mi) (M) (M) (nd (M)
DATA FOR 1887 BALANCE YEAR
STAKE 868 {continued)
Y87 719 Soow 300 t Snow 300 1 04 419 132 1.32
Y2M87 532 Snow 131 4 Snow 131 4 5 4N 67
fitn - .18 19 009 09 2
421788 854 Snow 4.5 Snow 453 1% 401 1.63 1,63
RESVLYS FOR 1987 BALANCE YEAR - 09 2 2
DATAFOR 1988 BALANCE YEAR
STAKE 86-0202NE
420/88 778 Saow 453 Snow 453 1 03 325 1.63 1.63
Y88 383  Snow 0.22 Show 22 { .26 361
fm 35 -1 018 00 044
41989 610 Snow 277 Snaw 277 f % 333 100
RESULTS FOR 1988 BALANCE YEAR 18 2 41
OATA FOR 1483 BALANCE YEAR:
STAKE 86-8 (conlinuad)
419189 686  Snow 27 Snow 277 1038 400 .00 1.00
420 977  Snow 4.40 Snow 440 V38 53 158
fim 128 15 0.65 026 091
Slake 86-8 was not read on 4/19/89 Its b* was calcutated using data from slake 86-QZONE,
RESULTS FOR 1989 BALANCE YEAR 66 26 El
DATA FOR 1890 BALANCE YEAR,
STAKE UAS0-8 (instelled 4/19/90)
419/90 610  Snow 440 Snow 440 1 03 170 158 158
715090 701 Snow 532 Snow 532 ! 40 170 213 2.3
Y81 799 Snow 298 10 Smow 283 002 10 3% 500 1.07
Fim 330 15 1.69 026 198
RESULTS FOR 1990 BALANCE YEAR B 1.69 1.85
DATA FOR 1891 BALANCE YEAR.
STAKE UADD-B {continued)
8991 799 Snow 299 10 Smow 299 002 10 036 500 1,07 107
S99 910 Snow k] ?7 10 Snow 327 8 10 3 584 118
fin 084 1.8 043 02 069
RESULTS FOR 1381 BALANCE YEAR 43 6
DATA FOR 1392 BALANCE YEAR.
STAKE UASO-B {centinued)
492 810 Snow 327 10 Spow 327 006 Y0 038 584 1.18 $ 18
82392 736 Snow 49 10 Snaw 43 0V 10 B 687 13
Firn 103 { ) §84 053 0.25 7
53 % 78

RESULYS FOR 1382 BALANCE YEAR:
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Table 2D. Mass balancs, 14 km site, Biack Rapids Glacier

{midly, menih/daylyear; b, height of surtace on slake, measured relalive 1o base of stake; m, malers; p, densily; g/cm?, grams per cubic centimaler, &(s). depih
of snow; Stake d{s) is calculated by sublracting a previously observed summer surface heighl (b'ss) from &', Probe d{s) is measured by forcing a thin probe fod
(hrough the snow peck until if is stopped by (he hard summer surface, n, number of absesvalions; s .., slandard emor, Est., eslimaled; b'ss, heghl of summer
surface on slake, meastsed relative ta base of siake; OCbsv., cbserved:; bli}, e balance; b(f), firn balance; b(s), snow balance; k), intemal accumulalion-rain
and snow mell water refrozen in the pore space of permesble firn in lhe accumulation area (Trabani snd Meyo, 1985); bs, net mass balance; mye, melers water
squivalenl; Sup. ice, supenimposed icg|

Observations Acumutation celculetians Summer suriace Ablaion cslculebons Mass bafence results
Date  Slgke reacng Slake P Probe d(s) Metens  Thickness p b'ss Matorial Change p lee Fm Snow Imemal  Nef
b Suiwe ds) p dls) Meann Mean se. n Esl.  Obsv. EsL Est.  of) b os) bk b
midy  (m) matersl {m) (gem?) (m) (w) (m) (m) (gem?) (m) (m) (M} (@om)) (Me) (M) (M) () (M)
DATA FOR 1973 BALANCE YEAR.
4T3 Snowr 210 ¢ Seow 210 {1 0M o 0.74

Note' Snow depth reporied for 4/3/73 s the masn of probings et 13 and 15 km fecations.
STAKE 73.14+F (instefled 7720/73)

72073 490 Sup ice 090 010 Sup.ico 10 90 4.80 1] K]
107257 470 Snow J5 5 Snow 7% 025 M 395 (e £85 0% 077 2% -\
RESULTS FOR 1973 BALANCE YEAR: -7
DATA FOR 1874 BALANCE YEAR:
STAKE 73-14-F {continued)
YWB74 544 Soow 149 Soow (.49 1 04 383 0.51 054
mnas 3ss lea 365 {cn 0¥ 08 027 i
W78 405 Snow 034 244 228 7 Snow 226 03 8 M 178 (co 216 9 19 7 195
RESULTS FOR 1974 BALANCE YEAR: -1.95 -}.89
DATA FOR 1975 BALANCE YEAR:
STAKE 73-14.F (continued)
Y5 405  Snow 03§ 214 228 7 Snow 226 003 8 034 {79 077 077
87%6/75 118 Stow Saw .02 1 2 147 loe 082 090 05 00 - .58
STAKE 75-14 (nstelled 31/75)
Y75 905  Spow 34214 287 Sow 2% 03 8 M 678 n 7
8/6/75 631  Snow 02 Swow .02 i 20 629 fee - .50 80 .45 .00 . 45
J2/76 846  Snow 223 Sow 223 01 5§ M [ YA} (o - .55 8 -8 76
Nole: The ool batance resull for the year is the sversge H{1) Jor I two stakes un §/26/75 plus the b(i) of siake 75-14 from B/Z6/75 to the 6nd of the belence year,
RESULTS FOR 1875 BALANCE YEAR: (aversge of stakes 73-14 snd 75-14) - 55 . 56
DATA FOR 1376 BALANCE YEAR
STAKE 75-1§ {coninued)
32476 848  Snow 2B 5 Snow 223 001 5 034 6.23 076 078
814376 531  Snow 21 Snow 7 1 0 504 497 log (26 080 13 05 413
Y1977 800 Snow 308 3 Sow 309 01 3 M 491 497 1.05
STAKE 78-14 (insialled 3/24/76)
24116 810  Snow 283 5 Show 223 01 5§ M4 5.87 R .8
871376 492 Snow 21 Snow 7 t X 465 4N log 416 80 -4 05 L4
319/77 787 Snow 309 3 Syaw 309 01 3 M 478 4N 1.08
RESULTS FOR 1876 BALANCE YEAR (averaos of slakes 75-14 and 76-14) -1.00 4.09
DATA FOR 1977 BALANCE YEAR:
STAKE 76-14 {coniinuad)
39/77 787 Snow 309 3 Snow 308 001 3 034 478 ATl 1.05 1.05
Y377 480  Smow 66 10 Seow 66 0210 20 4,15 (o8 057 080 051 A3 - 8
RESULTS FOR 1977 BALANCE YEAR - 51 - 51
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Table 2D, continued

Qbsorvations Accurnulation calcufetions Summer surface Ablabion culoulgtions Mass balanos resufts
Date  Steka reading  Stake Pit Probe d(s) Materiel  Thickness  p b'ss Moterisl Change ke Fmm Snow (atema  Net
b Sutee ds) o ds) Mes n Mean se. n ES.  Obsv Est Est. b)) o) bs) bk b
midly  (m)  molensl (m) (gem® (m)  (m) m (m  (gem) (m) (m) (m) gem’) (M) (M) (M) (Mua) (Me)

DATA FOR 1978 BALANCE YEAR
STAKE 76-14 (continued)

31878 648 Snow 234 Sow 234 1 034 415 079 0.79
V2418 282 Snow A7 10 Seow A7 02 10 20 265 261 ke 18 090 138 0 i.38
2878 468 Snow 3321 2085 Sow 206 01 6 .33 288 260 8

Nole: Temperature record from Gulkana Glecler indicates that meltng afiar 9/24/78 |s unlikely.

AESULTS FOR 1978 BALANCE YEAR -1.38 -1.38

OATA FOR 1973 BALANCE YEAR:
STAKE 76-14 (continued)

32879 4866  Snow 291 208 Snow 208 001 5 03 258 261 068 0.68
¥R 77 1o N la 184 090 -168 -1.66
STAKE 73-14 (insiohed 372879)

28/13 808 Snaw 211 208 Sow 208 01 5 A 598 00 68 88
82379 47 lew 417 e 181 90 163 1683
32180 670  Snow 290 Sow 290 00 4 33 180 lce 218 %0 -19% 86

Note: The nat bslanca result for the year Is the everage (i) for the two stakes on 8/23/79 plus the b{)) of stake 79-14 from 8/23/79 to the end of the betance yeer.

RESULTS FOR 1879 BALANCE YEAR® -1.98 -.98

DATA FOR 1880 BALANCE YEAR:
STAKE 79-14 (continued)

V27180 670  Srow 290 4 Srow 290 000 4 03 180 0.86 0.96
94180 Sup. Ice 04 Sup. lce .04 f .9 380 04
Fim 03 Fim 03 151 0.02 06

395 Snow 08 16 Snow 08 0 16 20 02
Y2281 580 Snow 22 10 Swow 22 10 N e e 012 090 010 73 - .10
RESULTS £OR 1980 BALANCE YEAR: - 0 B ]

DATA FOR 1981 BALANCE YEAR:
STAKE 79-14 (vontinued)
Y288 5980  Snow 2210 Snow 222 002 10 0 368 0.7 073
2281 482 Snow 114 Sow 134 1 40 A6 A5
91081 376 Srow 33 Sow 0 013 0 346 o D21 0% 019 06 - 19
V25/82 662 Sow N 209 2068 15 Swow 207 01 16 32 346 66
RESULTS FOR 1941 BALANCE YEAR: - .19 - {8
DATA £OR 1982 BALANCE YEAR:

STAKE 79-14 {continuad)
V2AR2 652 Saow 032 209 206 Snow 207 00 16 32 148 0.66 088
910/82 258 Soow M2 Sow 1 00U 20 248 fce £5% 0% 088 02 - 88
STAKE 82.14 (insisted 425/82)
V282 836  Snow 32 208 208 Sow 207 O1 1B 32 62 66 86
Y1082 532  Snow M Sow A4 0020 2 528 510 les 113 % .07 02 107
42183 121 Snow 36 210 231 Snow 229 8 ¥ 498 510 82

Nate: Thera 16 no cbvious explanation for the 23 cm disorepancy between the fall end spang summer surfece measuremants.
Note: Tempereture reoord rom Gulkena Glacier Indicates 23 om of ice melt after ¥/10/62 ie unlikety.

RESULTS FOR 1982 BALANGE YEAR (average of stgkes 78-14 and 82-14) - 97 - 9
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Table 2D, continued

Qbsarveiions Accumulation ¢alcutations Summer eurface Abigtion cakeulations Mass balance results
“Dole  Saeresdng Steke  Pi Probg ds) Matedal  Thickness  p bes Materiel Cangs o loe  Elm  Soow Iniemd Net
v Sufxce d8) o ds) Mean a Mesn se. n Est  Obsv  Est Est B} ) bs) bk b
midy (m) maledal (m) {gm® (m)  (m) (m) (m) f{gem) (m) (m) (m) gom’) (M) (M) (Me) (M) (Me)
OATA FOR 1983 BALANCE YEAR;
STAKE 82-14 {continued)
AB 727 Snow 03 210 231 8 Sow 228 003 9 036 498 510 082 082
9BA3 453 Snow 417 Sow 8 017 20 493 448 s 002 09 083 09 - 83
318/84 665  Snow 243 10 Srow 243 01 10 36 42 418 87
STAKE §3-14 (nsalied 4/21/83)
421/83 809 Snow 36 210 231 9 Seow 228 03 9 36 581 82 82
YB3 524 Svow A6 17 Sow 46 01 17 20 478 AR loe % 90 88 K] - 88
W64 730 Snow 23 10 Snow 243 01 10 36 487 483 87
RESULTS FOR 1983 BALANGE YEAR: (average ol stakes 82-14 and §3-14) . 86 . 86
OATA FOR 1984 BALANCE YEAR;
STAKE 82-14 {continued)
Y18/84 665 Snow 243 10 Sow 243 001 10 036 422 418 0.87 0.87
w6 585  Swow 238 10 Show 23 01 10 36 347 ke 071 D% D64 88 <64
STAKE 83-14 {continued)
Vigsd 7230 Snow 26 10 Soow 243 01 10 3% 487 483 87 87
B84 438 Snow A6 4 Show 16 00 4 20 42 lce §0 %0 7] 03 - 54
STAKE 84-14 (instalied 3/16/84)
V1684 988  Snow 243 10 Seow 243 01 10 36 745 87 87
826/84 690  Snow 64 Sow 6 00 4 N &N le - 74 90 - 684 03 - .64
4585 912 Soow 238 10 Sow 238 01 10 3B 84 86
RESULTS FOR 1384 BALANCE YEAR (averege of il thres stakes) - 60 - .60
OATA FOR 1985 BALANCE YEAR:
STAKE 83-14 {contnued)
5RE 439  Sow 0.08 Saw 008 1 0 4N 8.02
STAKE 84- 14 {contmued)
685 912  Show 238. Sow 238 01 10 36 674 86 0.86
Y8% 09 Sup.lee .08 180 08
7 6 Fim A8 i 4 0.08
707  Swow 08 Snow 08 1 20 69 02
Note: Superimposed ice obsarved beneath snow and new fim on 8/5/85,
44786 A9 Fim 19 t 70 13 13
9.16  Snow 37 210 22X 10 Sow 223 02 11 37 693 83
Note: Supenimposed ice cbserved beneath snow and newr fim on 4/4/86,
RESULTS FOR 1985 BALANCE YEAR 43 13
DATA FOR 1986 BALANCE YEAR.
STAKE 84.14 (continuad)
4/4/86 916  Snow 037 210 225 10 Snow 223 002 11 37 (X°] 0.83 0.83
2506 680 Snow 70 Sow 37 0110 20 6.43 Ffim 039 070 D13 07
e -3 90 D28 - 4
STAKE 86-14 (instatled 4/4/86)
4488 807  Snow 37 210 225 10 Soow 223 2 14 37 5.84 83 83
92686 585 Snow 37 10 Sow 37 01 1020 52 523 Fm -.18 70 - 1307
e - .42 80 - 28 - 51
Y0m7 780  Srow 2.63 Soow 263 02 10 .37 57 528 a7
RESULYS FOR 1986 BALANCE YEAR (average of slakes 84-14 end §6-14) B 3 48

SYAKE 86-14 {cantinved)

OATA FOR 1987 BALANGE YEAR:
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Table 2D, continued

Observations Accumulafion ¢sicul aions Summer surfeca Ablation calculations Mess bidonce results
Dole  Stake reading Steke  Pit Probe &) Materisl  Thkkress  p b'ss Motrial Changs  p e Fim Soow Infema Net
b Sufae ds) o ds) Mee Mean 56. n Est Obev. Est Bt b)) BN b{s) Bk b

way (m) meteial (M) (gem’ (m)  (m) (m) (m) (gemd} (m) (m) (M) gem’) (Mw) (M) (M) (M) (The)

320087 780 Snow 26) 10 Snow 283 002 0 037 817 523 0.97 097

82787 447 loe a7 e 076 090 068 - .68

42188 697 Snow 254 Snow 254 CO) A & e -80 80 -2 94 .

STAKE 87-14 (insteiled 8727/87)

787 658 e 6.58 - 68

4218 901 Snow 254 Snow 254 131 b lee X -.78 94 .78

RESULTS FOR 1987 BALANCE YEAR: - .75 15
DATA FOR 1988 BALANCE YEAR-

STAKE 86-14 (continued)

52188 697  Snaw 254 Snow 254 10 4 0.94 0.94

41589 549  Snaw 195 Sow 1,95 1 2 s Ko 088 0% 080 n - 80

STAKE 87-14 {conlinued)

421788 901  Snow 254 Snow 254 13 647 94 94

Y1589 784 Svow 195 Sow 195 1 37 568 e -78 90 -7 b/ .70

RESULTS FOR 1988 BALANCE YEAR' (averages of stakasz 88-14 and 87-14) - 75 .15
DAYA FOR 1989 BALANCE YEAR'

STAKE 87-14 {continued)

41589 764 Snow 1.95 Sow 196 1 037 569 0.72 (1%}

52690 683  Soow 270 Snow 270 {37 an e 156 090 -1.40 1.00 -1.40

RESULTS FOR 1989 BALANCE YEAR: 140 3,40
DATA FOR 1990 BALANCE YEAR

STAKE UASD-{4(instelied 5725/90)

S50 871 Snow 270 Snow 270 {037 601 1.00 1.00

191 660 Snow 245 Snow 245 02 10 37 415 e 186 0% -1.67 93 367

RESULTS FOR 1990 BALANCE YEAR: 167 Y
DATA FOR 1891 BALANCE YEAR

STAKE UAS0-14 (continued)

191 660  Snow 245 Snow 245 002 10 037 415 0.91 031

5192 614 Snow 2N Snow 272 01 10 37 139 e 076 080 069 1,01 -

RESULTS FOR 1991 BAL ANCE YEAR: - 69 - 69
DATA FOR 1992 BALANCE YEAR.

STAKE UAS2- 44 (installed 5/1/92)

5102 791 Snow 2.72 Srow 272 001 10 037 519 1.0% 1.04

VAT 475  Snow 048 55 Sow 55 61 10 37 4% e 098 0.9 OB . . .89

RESULTS FOR 1992 BALANCE YEAR: - 88 K]
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Table 2E. Mass balance, 20 km site, Biack Rapids Glacier

[midYy, month/dey/year; b', height of surface on stake, measured relative lo base of stake; m, meters; p, density; g/cm?, grams per cubic centimeler, d(s), depth
of snow, Stake d(s) is catculated by subtracting a previously observed summer surface height (b'ss) from b', Probe d{s) is measused by forcing & thin probe rod
lhrough the snow pack until il s stopped by the hard summer surface; n, number of observations; s.e., standard eror, Esl., estmated; b'ss, height of summer
surface on stake, measured relalive to base of stake; Obsv,, observed, b(i), ice balance; b(f), fim balance; b{s), snow balance, b(k), inleral accumulation—rain
and snow mell watey refrazen in Ihe pore space of peimeable firn in the accumulation area (Trabant and Mayo, 1985); b, nel mass balance; mwa. melers water
equivalent; Sup. ice, superimpased ice|

Obsarvalions Accumulation caeudations Summer surfece  Ablation caloulabons Mass balance resulls
Daie Staka reathng  Steke £ Frobe dfs) Materia Thickness p b'ss Matenidl Chenge p tce Fim Snow infeme Net
b Gumace ds) p ds) Mea n Mean s8. n Est Obsv ES. Bst ) b)) b bk by
midfy  (m) mateid (m) (gomd) (m)  (m) (m) (m) (gem) (m) (m) (M) (gem) (my) (M) (Mey) (Mey) (M2

DATA FOR 1972 BALANCE YEAR:
STAKE 72:19 (installed 4/24/72, 18.6 km, range [ne moton sito 0)

4724012 190 Snow 033 165 15311  Sow 154 003 11033 636 051 0.54
WMAT2 458 e 458 le -1.78 050 -960 -1.60
STAKE 7318 (instaied 8/3/72, 18 6 km, range fine motion site 0)
8372 485 les 485 1,60 -1.60
1197 420 Snow 68 10 Snow 88 02 10 W 352 358 lco A8 80 276 20 276
4373 483 Snow 122 7 Snow 122 07 7 .32 361 356 39
RESUAYS FOR 1972 BALANCE YEAR. (of 18.6 km ste) 276 276
DATA FOR 1973 BALANGCE YEAR.
STAKE T3-19 (continved)
43773 583 Snow 122 7 Sow 122 007 7 032 361 356 038 0.39
52213 481 Snow 125 Sow 125 1 .40 356 80 50
INUI3 265 lee 265 ke 091 080 .082 - 82
10257 170 Soow Sow X0 % 120 e 237 % 203 45 213
STAKE 73-19.0-D (installed 7/21/73)
mins 485 e 485 . .82 - 82
1072577 398 Snow 055 5 Sow 5 03 5 W 34 344 e 141 %0 209 16 208
328774 435 Snow 029 090 Sww X0 129 345 344 2%
STAKE 7320 (mstalled 7721/73)
U203 385 lee 385 - .82
10297 290 Snow 46 4 Sow 48 02 4 3 244 ke -4l 90 209 A4 208
RESULTS FOR 1973 BALANCE YEAR: {for slake 73-20, Iha stake closest to the index site) »2.09 208
DATA FOR 1974 BALANCE YEAR:
STAKE 73-19.0.0 (continued)
3874 435 Snaw 029 090 Soow 090 (029 345 344 0.26 0.26
nAMs 210 fee 210 e 434 080 -4 -2
STAKE 73.20 (continued)
102571 290 Snow 46 4 Snow 46 02 4 30 244 14
874 3B Sow 79D Snow 79 12 244 2 23
STAKE 74-20 (installed 3/28/74)
Y2874 588 Sww 78 W Sow 78 1 .9 509 <) 3
72174 328 lee 28 lce -1.8¢ 90 463 -1.63
AAUT5 250 Snow 14510 Snow 145 3 10 32 106 loe 404 50 38 46
RESULTS FOR 1974 BALANCE YEAR: {for stake 74-20; the steka closest to the mndox sio) -3.63 -3.63
DATA FOR 1975 BALANCE YEAR.
STAKE 75-20 (installed 3/2/75)
U5 980 Snow 145 10  Spow 145 03 (0 32 846 A6 46
an&Ts 605  loe 605 ) 241 080 2146 218
2416 707 Snow 128 8 Sow 128 03 8 32 51 lce -2.68 0 240 4 2.4
RESULTS FOR 1975 BALANCE YEAR, .2.40 240
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Table 2E, continued

Qbsarvations Accumulation calculslions  Summer Sudace  Ablation calaulations Msss balence results
Dale Stak rending  Stake P Probe &s) Matens) Thickness  p b'ss Materid Chsnge  p lee  Fim Soow Intemal  Nel
v Sudsoe dfs) p ds) Mos n Mesn ae. n Est  Obsv. Esl Est. o) o) o5 bk b

iy (m) metord (m) {gem® (m) (m) (m (m)  (gka) {m) (m) (m) (gem) (M) (M) (M) (Men) (Mg}
DATA FOR 1976 BALANCE YEAR:

STAKE 75-20 (continved)

2476 707  Snow 1288 Swow 120 003 8 032 57 0.4) 0.41

Yiy76 278 Snow 0.25 Soow B f 20 28 [ 328 090 294 05 294

677 473 Snow 22 6 Sow 232 0f 6 32 242 245 ke 33 8% 30 14

MYT7T 470 Spow 28 4 Sow 2 8 4 32 248 245 it

Note. Tomperature record from Gulkeno Glacier indicates thal metting after 9/13/76 is (ikely.

RESULTSFOR 1976 BALANCE YEAR: .01 30§
DATA FOR 1977 BALANCE YEAR;

STAKE 75-20 (continuad)

a7 473 Snow 22 6 Sow 232 01 6 32 242 74 14

V9777 470 Snow 28 4 Soow 20 03 4 32 248 245 4! T

STAKE 77-20 (inlallon IA&/77)

Y1677 800 Snow 233 8 Sow 233 03 & 32 667 6N 74 74

31977 898  Snow 223 4 Sow 220 03 4 32 676 &M .7 N4l

2477 AS6 Snow 16 1 Sow .36 1020 439 ke 232 90 209 03 -2.08

RESULTS FOR 1577 BALANCE YEAR" 208 208
DAYA FOR 1978 BALANCE YEAR.

STAKE 77-20 (¢conlinued)

2UNT 455 Snow 0.16 1 Sow  0.16 1020 4% 0.03

Y1878 595 Snow 156 Snow  1.56 1 32 438 S0 050

2378 106  Snow 510 Swow 15 00 {0 .20 8 .8 e 2352 0% 317 03 317

Y2979 228 Snow 143 30 Snow 343 0 32 8 & 48

RESULTSFOR 1978 BALANCE YEAR: 317 347
DATA FOR 1979 BALANCE YEAR-

STAKE 77-20 (continued)

2979 228 Sow 143 10 Snow 143 003 10 032 0485 087 046 0.46
RESULTS FOR 1579 BALANCE YEAR: no resutls
DATA FOR 1980 BALANCE YEAR:

STAXE 80-20 (instelios X26/80)
326780 923 Srow 22710 Soow 227 0072 10032 696 073 0.73
Y480 488  Snow 07 15 Sow 07 0( 15 20 461 e 215 080 -1 01 4.9
238 631 Snow 15510 Snow (55 03 10 32 476 le 220 % 1% 50
Note: Tampersture record from Guikans Glacier indicates thal melbng sfier $/4/80 is ikely.
RESULTS FOR 1580 BALANCE YEAR: -1.98 168
DATA FOR 1981 BALANCE YEAR-
STAKE 80-20 (continued)
32381 631 Snow 155 Snow (55 003 10 032 476 050 0.50
62281 465 Sp.ico 0.03 Sl 03 1 980 4862 ke 044 050 -043 03 <0
9181 237  Snow l] Sow 0§ { 20 236 lee 240 90 216 00 218
STAKE 81-20 (nstoled ¥23/81)
32381 822 Snow 1.9 Sow 4156 03 10 32 687 685 50 50
6281 668 Sup ke 03 Sup.ic 08 { 90 66 665 .03 0
~9M0B1 A3t Snow 04 Snow .04 20 40 lee 238 %0 2141 00 241
2582 558 Snow (.40 Swow 14 0210 2 420 e 245 80 a2 45 22
Note: Temperdturs record from Gulkens Giacier indicates that melting after 9/10/81 is likely. The net balance resull for the yeer is the average bii) on &/10/81
plus the bi) of steiez 81-20 from 8/1(/81 10 the end of the balancs year.
RESULTS FOR 1984 BALANCE YEAR: (average of stakes 80-20 and 81-20) 2% L0
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Table 2E, continued

Observations Accumuintion celattstions  Summer suface  Ablation calculabans Mass belence rasulis
Dsig St reeding  Stake P Probe ds) Matedal Thekness  p 0's6 Matenal Chenga o e Fm Snow Intemal Net
b Sulee ds) p ds) Mea n Ma» 86 n Est  Obsv. Est Est by offf b{e) bk) b
midy  (m) meleal {m) (gem? (m) (m) () (m)  (gerd) (m) (m) (m) (gem) (i) (M) (M) (Mus) (M)

DAYA FOR 1882 RALANCE YEAR:
STAKE 81-20 (conhnued)

V282 559 Snow 140 10 Snow 140 002 10 032 420 045 0,45

wive2 128 ke £.28 e 292 0% 282 282

U8 290 Snow 177 16 Swow (77 02 10 32 343 lee 306 S0 .27 57 276

STAKE 82-20 frtaited 325¢82)

2582 8.47  Snow 140 10 Sow (40 02 10 32 808 A5 45

91082 S0 ke 520 le 288 9 .25 259

421/63 681 Snow 17710 Seow 177 02 10 32 4504 le 303 80 273 57 273

RESULTS FOR 1962 BAL ANCE YEAR- (averagp of stakes 84-20 and §2-20) 504 2,74 -2.74
DATA FOR 1983 BALANCE YEAR:

STAKE 82-20 {continued)

29/83 681 Snow 177 10 Sow )77 002 1D 032 504 057 0.57

/883 257 Snow 14 12 Sow 44 01 12 2 24 243 foe 261 090 235 1] 23

YiYAd 400 Soow (57 10 Snow 157 04 10 32 243 243 50

STAKE 83-20 (instaled 4/2 1/83)

4/29/83 988 Snow 177 10 Sow §77 02 10 32 Al 57 57

9883 558 Snaw 312 Sow 34 0112 20 54 548 e 283 9 2% i<} 237

Vigd 7.08 Snow 157 10 Snow 1§57 .04 10 32 652 548 50

RESULTS FOR 1983 BALANCE YEAR: (average of stekes 82-20 and 83-20) 236 2.3
DATA FOR 1984 BALANCGE YEAR.

STAKE 84-20 (instelled 319/84)

19784 1442 Seow 157 10 Swow 157 004 10032 985 050 0.50

a2 7.7 (e 72 e 258 080 202 2232

4485 693 Snow 167 10 Sow f6/ 0310 2 7%

RESULTS FOR 1984 BALANCE YEAR: -2.32 232
DATA FOR 1985 BALANCE YEAR:

STAKE 84-20 {continued)

4485 883 Snow 167 Snow 167 0.03 10 032 7.7 053 0.53

Y1485 517  Snaw 0.08 Sow 03 t 20 51 lee 213 080 (9 0f 191

42/86 660 Snow 1. Sow §72 03 8 32 48 lee 238 80 214 55 244

RESULTS FOR 1985 BALANGE YEAR; 214 214
DATA FOR 1886 BAL ANCE YEAR'

STAKE 84-20 {continved)

4286 660 Snow 172 8 Snow 372 003 8 032 488 . 055 0.55

25/88 232 Show 710 Soow 27 0210 30 206 ke 283 050 2N 08 254

STAKE 28-20 (inslatied 4/2/36)

4286 10.76 Snow 172 8 Snaw 172 03 8 2 80§ 00 55 55

2586 6.3 Snow 2710 sow 21 02 10 2 587 6% e 306 90 275 05 278

16/87 7.92 Snow 192 10 Sow 192 03 10 32 BO1 59 61

RESULTS FOR 1965 BALANGE YEAR, (sversge of stakas 84-20 and 85-20) 265 265
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Table 2E, continued

Observafons Accumulgion calculsbions  Summer surface  Ablation oalculatons Mass balance results
Dale Stake reatng  Stake P Probe d(s) Metena Thickness  p b'ss Matpna Chenge p fce Fim Sww Intemal Nel
b Sudacs ds) p dis) Mea p Mean to. n Esl.  Obsy. €5 £t by bf) b(s) OBk} b,

—_

midly  (m) matedal (m) (gem’ (m) () {m) (m) (o) (m (m) (M) (0em) (e} (Mye) (Mia) (Mer) (Mec)

DATA FOR 1987 BALANCE YEAR-

STAKE 8620 (conbnued)

1487 792 Snow 192 10 Snow .92 003 10032 601 593 061 0.61

Y2187 357 ok 57 ke -242 080 2¥7

STAKE B7-20 (instalied 3/18/87)

318/87 897 Snow 192 10 Sow 192 Q10 32 106 69 .61

8/27/87 465 Ice 4.66 s 240 %0 216 -2.18

4/16/88 635 Snow . 237 4 Sow 237 8 4 32 398 lee 308 %0 .277 78 277

RESULTS FOR 1987 BALANCE YEAR 277 .77
DATA FOR 1988 BALANCE YEAR:

STAKE 87-20 (conlinued)

49688 635 Snaw 231 4 Snow 237 008 4 32 398 0.76 0.76

/1588 3.{1 Snow 150 1 Sow 1,50 t 32 161 teg 237 080 213 A8 213

RESULTS FOR 1388 BALANCE YEAR 213 213
DATA FOR 1989 BALANCE YEAR:

STAKE 87-20 (continuec)

415789 341 Snow 1.50 Sow  1.50 1032 16 0.48

RESULTS FOR 1989 AALANCE YEAR no rasulls

DATA £OR 1930 BALANCE YEAR.

STAKE 90-20 (insialted 5/26/30)

526/90 11.82 Snow 1.80 1 Sow 1,80 1032 002 058 058

191 79% Snow 1.5 10 Snow §50 .03 0 32 84 e 362 05 325 4B 325

RESUYLTS FOR 1980 BALANCE YEAR 325 3.26
DATA FOR 1391 BALANCE YEAR

STAKE 90-20 (continued)

51481 791 Soow 150 10 Snow 150 000 10032 641 048 0.48

52092 555 Snow 206 10 Swow 206 .06 10 32 348 e 292 050 262 66 -2.82

RESULTSFOR 1331 BALANCE YEAR: -2.62 -2.62
DATA FOR 1992 BALANCE YEAR'

STAKE 90-20 (contnued)

YU 555 Snow 206 10 Sow 206 008 10 032 348 066 0.66

92082 137 Snow 26 W20 Sow o022 XN e 248 080 224 .07 224

STAKE 92-20 (installed V2/92)

52 1142 Snow 206 10 Sow 206 08 10 32 93 66 &6

92¥%2 125 Snow 2 NV Sew W 022 20 888 le 248 90 224 07 224

RESULTS FOR 1992 BALANCE YEAR: -2.24 -2.24
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Table 2F. Mass balance, 26 km site, Black Rapids Glacier

[m/dly, manthidayiyear; b', hergh of surface on slake, measured relalive to base of stake: m, meters; p, densily; g/cm3, grams pet cubic centimeler, &(s), depth
of snow, Slake d(s) is caleutaled by subtracling a previously observed summer surface height (b'ss) from &', Probe d{s) s measured by forcing a thin probe rod
through Ihe snow pack unlil it is stopped by the herd summer surface; n, number of cbsevalions; s.e., slandard error, Est., estimated; b'ss, heighl of summer
surface on sleke, measured relative 10 base of stake, Obsy,, ebserved: bii), ce balance; b{f), firn balance; b(s}, snow balance; b(k), inlernal accumulalion—cain -
and snow mell waler refiozen in lhe pore space of permeable fim in the accumulation area (Trabanl and Mayo, 1985); ba, net mass balance; mwe, melers water

equivalent; Sup. ice, supefimposed ice)

Observations Accumulation celeulstions Summer surface

Ablation calcidstions Mass balance reslils
Date Stake resdng Stak [ Probe d(s) Malens) Thickness [ b'ss Metena Change  p l'e Fm  Sow Intanal  Net
b Sufece dfs) p o) Mean n foan se. n Ea.  Obsv EsL £sl. b)) 6D bs) bk b

midy  (m) materid (m) (9em’) (m)  (m) (m) [m)  (gfemd) (m) (m) (M) (gemd)  (Mn) (M) (M) (M) (M)
DATA FOR 1972 BALANCE YEAR:

STAKE 73-4 (range motion site C. 25.2 km, mstalled 8/3/72)

8372 S44  lce 5.44

10197 428 Snow 053 8 Sow 053 008 8 020 375 3, 0.41

4113 492 Soow 102 8 Swow 02 08 8 3 390 3IL a2

RESULTS FOR (972 BALANCE YEAR! no resuils
DATA FOR 1973 BALANCE YEAR:

STAKE 734 (conhnued)

A3 492 Snow 102 8 Snow {02 008 8 031 350 383 032 0,32

52213 AT77 Snow 0.94 Sow .04 1 40 343 2 32

TR4M3 160 o 1.60 lca 223 080 200

STAKE 73-28.0 (insiaded 7724/73)

24M3 500 Ies 5,00 -2.00 200

1072577 322 Snow 48 4 Sow 48 4 20 275 270 Ica 80 408 10 4.08

3297714 370 Snow 108 1 Sow 105 t 31 285 270 n

RESULTS FOR $973 BALANCE YEAR: -4.08 4,08
DATA FOR 1974 BALANCE YEAR-

STAKE 74-26 0 (installed 3/29/74)

2918 634 Snow 1.05 Sow 1,05 i 034 528 033 033

2174 350 e 3.50 lee -179 090 161 -4.61

S 212 Snow 031 120 162 13 Snow 159 009 14 obsv. 53 e 4768 30 428 49

RESULTS FOR 1974 BALANCE YEAR: 428 428

DATA FOR 1375 BALANGE YEAR'

STAKE 75.26 0 {instaled 3/3/75)

Y75 990 Snow 031 128 162 13 Smow 159 .09 14 obsv. 8.31 0.49 0.49

B26/75 500 lce 5.00 les 331 050 298 -2.98

326776 6.66 Snow 181 Snow 181 09 12 03 485 (co -3.46 O 312 56

RESULTS FOR 1975 BALANCE YEAR. -3.42 312
DATA FOR 1978 BALANCE YEAR-

STAKE 75-26 (continued)

YNI76 686 Snow 18 Snow 184 003 2 0.3 485 0.56 0.56

WI76 127 loe 127 130 lea 35 0.9 320 3,20

16177 350 Snow 217 Sow 247 01 6 kil 13 130 &7

RESULTS FOR 1878 BALANCE YEAR. 320 320
DATA FOR 1977 BALANCE YEAR:

STAKE 77-28 (installed Y/16/77)

Y16/77 905 Snow 217 Sow 247 001 6 0.3 6.88 087 0.67

w2077 357 Snow 02 Srow .02 120 3% lee 333 080 300 00 =300

RESULTS FOR 1977 BALANCE YEAR: .00 -3.00
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Table 2F, continued

Obsefvabons Actumulation ceiculations  Summer surface  Ablation caloulations Mass balance results
Dete  Sloke eading Sk Pit Probe d(s) Matedel Thickness ~ p b'ss Maiona Change lce  Fim Snow Inlemal Net
b Surlce ds) p ds) Mean n Mean 36 n Est Obsv. Exl. Esl. B b bs) Bk b,
midy  (m) maiend (m) (gem?) (m)  (m) m)y (m) (pom?) (m) (m) (m) (gem’) (M) (Mw) (M) (Mo} (M)

DATA FOR 1978 BALANCE YEAR'

STAKE 77-26 focntinued)

V978 526 Snow 1.7 Snow 1M 1 03 355 053 053

STAKE 78-26 (instailed 3/19/78)

¥18/78 902 Snaw t7H Soow )71 i3 73 53 83

%2378 35 Snow 0612 0 Ssow 12 00110 20 338 e :393 0% 354 02 -3.54

V2979 462 Snow 143 10 Smow 143 05 10 31 318 e 412 s 371 44 37

RESULTS FOR 1978 BALANCE YEAR: 3N 371
DATA FOR (973 BALANGE YEAR.

STAKE 79-26 (installed 3/29/79)

Y2979 885 Snow 143 10 Seow 143 005 10 034 742 0.44 0.44

823719 304 lce 304 e 438 09 39 -394

326080 463 Snow 187 10 Smow 187 0310 31 276 ke 466 80 420 58 -4.20

RESULTS FOR 1979 BALANCE YEAR; 420 -4 20
DATA FOR 1980 BALANCE YEAR'

STAKE 80-26 (mstaed 3/26/80)

326/80 873 Snow 187 10 Snow 187 003 10 034 6.86 058 058

Q4B 362 e 362 e 324 0% -29) 291

324/81 448 Snow 113 10 Snow 113 Q3 10 A 33 e 351 % 316 35

RESULTS FOR 1980 BALANCE YEAR: 3t6 -3 16
DATA FOR 1981 BALANCE YEAR.

STAKE 79-26 (conimued)

2481 448 Sww 343 30 Smow 193 003 10 031 1% 0.3 035

82288 250 e 250 s 085 0 077 -7

STAKE 81-26 (nstailed ¥/24/81)

Y2481 822 Snow 143 10 Snow 143 03 0 .3 708 35 35

82285 B50  lee 650 lea - .59 % 08 - 83

9/22/81 285 Snow 07 7 Sew G7 017 2 278 283 lce 446 S0 A0l 01 4.01

y82 383 Sww 135 20 Soow 135 0621 30 248 263 42

Nota; Temperaiure recarg flom Guikanae Glacier indicates \het melting sfter 922/81 it unskely. The nef balands result for the yesr is the average b() on 9722/81
olus fhe bi) of stake 81-26 {rom §/22/81 1o the end of e bealance yser.

RESULTS FOR 1981 BALANCE YEAR 4.1 413
DATA FOR 1982 BACANCE YEAR:

STAKE 82-26 (instated 3/22/82)

V82 950 Snow 135 21 Sow 135 005 21 0.3 8.15 0.42 0.42

oHos2 408 ke 408 o 407 080 368 3,66

420/83 535 Snow 180 20 Sow $80 0620 31 355 loe 460 90 444 56 414

RESULTS FOR 1382 BALANCE YEAR: 4.4 414
DATA FOR 1383 BALANCE YEAR:

STAKE 8376 (mstalled 4/20483)

4720183 8BS0 Snew 180 20 Snow 180 06 20 3§ 710 56 56

9/R/83 398 Snow O 8B Seow 09 038 20 389 ca 321 090 -2.89 02 289

J9/B4 495 Snow 141 17 Soow (41 04 17 3 354 le 356 90 320 44 32

RESULTS FOR 1983 BALANCE YEAR: 420 320
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Table 2F, continued

Obsaivalions Accymudation ogiculetions Summer surface  Ablation calculations tass balance resuits
Dale  Sigke reading Stek Probo d(s) Matend  Thickness b'ss Msteral Changs  p e Fim Snow Intemal Net
b Suface ds) p Mean n Mean se, n Est  Obsv, Est Est. b{i) b(s) bk} bn

m/dy  (m) mateda (m) (ghem’) (m)  (m) (m) {(m) (g} (m} (m) (™) (gen’) (M) (M) (Me]  (ma) (M)
DATA FOR 1584 BALANCE YEAR:

STAKE B4-26 (instaited 319/84)

319/84 1187 Snow 141 {7 Snow 141 004 17 031 1046 044 044

8728/84 845 e 645 lca 401 080 364 361

A585 761 Snow 134 20 Sow 1M W28 3 627 lee 420 .80 378 A2 3.7

RESULTS FOR 1984 BALANCE YEAR 378 378
DATA FOR 1985 BALANCE YEAR:

STAKE 84-26 {continved)

45085 761 Snow 134 29 Sow 134 00320 0 627 0.42 042

o585 277 Snaw Bt sow 03 120 274 2480 lee 346 080 312 O 312

A40/86 3.9 Snow 100 15 Snow 108 04 {5 31 287 280 M

STYAKE 85.26 {instdlled 4/5/85)

4585 1293 Snow 134 29 Snow 134 0329 31 1159 42 42

9585 835 Snow 03 1 Snow O3 1 20 832 48.21 lee  -337 80 304 04 304

AR9786 919 Srow 108 15 Snow {08 .84 95 31 g4y s 34

RESULTS FOR 1985 BALANCE YEAR: (average ol glakes 84-26 and B5-26) 308 -3.08
DATA FOR 1986 BALANCE YEAR:

STAKE 85-26 (continued)

41186 919 Snow 108 15 Stow 108 004 1§ 034 811 8.2 0.34 0.34

10/7786 364 Snow 2413 Sow 24 0213 0 340 lee 482 098 434 05 4,34

U187 494 Snow 154 17 Snow 154 04 17 3 340 A8

RESULTSFOR 1986 BALANGE YEAR 434 -4 34
OATA FOR 1987 BALANCE YEAR.

STAKE 87-26 (installed 3/19/87)

31987 9,00 Snow 154 §7 Snow {54 004 17 0 7.46 048 0.48

Y20/88 558 Snow 209 1 Snow 209 13 347 lee 389 090 358 65

STAKE 87.261 (nstalled 3/19/87)

987 973 Snow 154 (7 Sow 154 0417 31 818 48

827187 383  lee 383 ice 436 90 393 -39

42288 492 Snow 171 1 Sow 171 13 321 lce -498 N 449 A3

RESULTS FOR 1987 BALANCE YEAR: (stake 87-261 basl data) 449 448
DATA FOR 1988 BALANCE YEAR!

STAKE UAGB-26 (nstalled 4/22/88)

422/88 969 Snaw (58 2 Show 158 004 2 031 8 ¥ 0.49 049

w288 363 Soow 02 1 Snow 02 ! 20 361 lee 450 080 405 00 -4,05

4/29/88 437 Snow 107 Snow 107 ! 31 3.3 lee 484 .90 433 kx|

RESULTSFOR 1988 BALANCE YEAR: -433 433
DATA FOR 1989 BALANCE YEAR.

STAKE UASY-26 (installed 4/2189)

421789 840 Snow 107 1 Snow 107 1 034 733 0.33 0.3

526/90 3.85 Snow 78 Snow 78 1 40 287 fce 447 090 402 3 -4,02

RESULYTS FOR 1989 SBALANCE YEAR. -402 -4,02
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Table 2G, Mass balance, 32 km site, Black Rapids Glacier

(m/dly. monih/daylyear, b', height of surface on stake, measured felalive to base of stake; m, melers; p, densily; g/em?, grams per cubic centimeler, d(s), depth
of snow; Szke d(s) is calculaled by sublracling a previously observed summer surface height (b'ss) from b'; Probe dis) is measured by forcing a thin probe rod
thtough the snow pack unlil il is slopped by Iha hard summer surface; n, number of cbservations. $ e., standard ermor; Esl., sslimaled; b'ss, height of summer
surface on stake, measured relative o base of stake; Obsv,, observed; bi), ice bafance; b{f), im balance; b(s), snow batance; b(k), internal accumulation—rain
and snow melt water refrozen in the pore space of permeable firn in the accumulation area (Trabant and Mayo, 1985}, b, net mass balence: me, melers watsr
equvalent; Sup. ice, supenmposed ice]

Observslions Accumuladion cadculaions  Sumimer surface  Ablafion celculations Mess balanca results
Dale  Siake readng Slake it Probodls) Materiel  Thickness h'ss Material Change p lca Fim Show (nlemal Net
b Sudace dfs) p dfs) Wean »n Moan se o Esl.  Obsv, Esl Est. of) bih bis) bk b

midy (m) malenal (m) (gem’} (m) {m) m ) jgen’)  (m)  {m) (M (gerd)  (mn) (1) (M) (Mma) (M)
DATA FOR 1972 BALANCE YEAR;

STAKE 72-2 {installsd 4/24/72)

44172 782  Snow 132 10 Seow 132 007 10 035 650 044 0.48

8372 350  Iee 350 lce 300 090 270

STAKE 73-3 {inglaflen ¥372)

HY72 585 e 585 270 270

8572 580 Ice 580 lee 328 0 203 293

10167 432 Snow 14 6 Snew M4 04 6 W 412 413 lce 472 0 4.25 i< 425

Y73 474 Snow 033 083 6 8 Snow 67 O 9 .13 407 40 n

RESULTS FOR 1972 BALANCE YEAR. 4.25 -4.25
DATA FOR 1373 GALANCE YEAR:

STAKE 73.3 {conlinued)

4473 474 Snow 033 083 085 8 Soow 067 004 9 033 407 40 022 (17}

2122173 1,25 les 128 lee 286 080 258

STAKE 73-32-B (inslalled 7/2/73)

7122773 500  Ice 500 259

100257 324 Soow 47 Q9 Snow 47 @ 9§ 20 277w Ice 28 90 465 .09 465

329774 333  Snow 68 B Snow 68 04 & O3S 265 24

RESULTS FOR 1973 BALANCE YEAR 465 -4 85
DATA FOR 1974 BALANCE YEAR:

STAKE 74-32-8 (installed 329/74)

328774 6.38 Snow 088 & Snow 068 004 8 0385 570 024 024

71174 260  lce 280 {ce 310 080 279 279

RESULTS FOR 1974 BALANCE YEAR: 0 fesults
DATA FOR 1975 SALANCE YEAR'

STAKE 75-32.5-8 {nstalled ¥475)

UY75  (0.06  Snow 120 10  Spow 120 08 40 035 886 042 042

825775 471 lee 4 Ice 413 080 373 3R

32676 538 Snow 027 114 144 30 Show 142 08 4 7 IN lce 4% 4,42 3

RESULYS FOR 1075 BALANCE YEAR. 442 4,49
DATA FOR 1978 BALANCE YEAR:

STAKE 76-32 (instalied Y2476)

32676 1007 Snow 027 .14 144 10 Spow 142 006 {1 027 868 0.38 0338

aNW7E 3T lee 327 3.4 lee 532 & 478 47

31477 545 Snow 1.58 210 7 Spow 205 03 7 35 340 334 72

RESULTS FOR 1978 BALANCE YEAR. 4,79 478
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Table 2G, continued

Observations Accumulation calculations  Sumoier suace  Ablabon calculabons Mass balance resulls
Dele  Slaka rasdng Slake Pil Probe d(s) Matefial  Thickness  p 0'ss Mateial Charge p lce Fim  Snow Inlarnal Nat
b Sugee dis} p dE) Mean a Mean ¢6. @ Est  Obsv. Esl cal ) bl bis) b)Y b,
midy (m) _molerial (m) {glem) (m} _ (m) (m (m igem)  m) (m) (™) (GO (M) (M) (M) _[Mae) (M)
DATA FOR 1877 BALANCE YEAR
STAKE 7732 (nstalled ¥14/77)
31477 8,48 Snow 0% 168 210 7 Soow 205 003 8 035 643 072 .
o077 149 lee 1.49 lee 494 .80 445 448
Tomperature record from Guikana Glader indeales that melting aftee 920077 is uniikely
RESULTS FOR 1877 BALANGE YEAR: 445 4,48
DATA FOR 1978 BALANGE YEAR:
Stake 7732 (conlinued)
278 285 Snow 146 Snow .48 { 035 .49 0.51 051
STAKE 78.32 (insielled 3/23/78)
YNI76 885 Snow  1.46 Snow  1.46 1 38 7% 51 51
9/22/78 1.862  Snow 013 Snow .13 001 10 20 188 lee 570 90 513 03 513
Y2979 346  Snow 122 10 Spow 122 003 10 35 18 0.43 PEY]
Note: Thiz stake probably sank.
RESULTS FOR 1978 BALANCE YEAR, $.A43 K]
CATA FOR 1978 BALANCE YEAR,
RESULTS FOR 1979 BALANGE YEAR: no eadlts
DATA FOR 1380 BALANGE YEAR
STAKE 80-32 (installed 3/28/80)
428480 1004 Snow 194 10 Snow 164 003 10 035 8.10 0.68 0.68
9/480 369 Ica 369 370 lee 441 80 397 397
UM 4,97 Snow 127 10 Smow 327 04 10 35 370 370 44
RESULTS FOR 1980 BALANCE YEAR: 387 3.7
DAYA FOR 1981 BALANCE YEAR:
STAKE 8132 (nstalied ¥24/81)
A48 888  Snow 27 18 Snow 12 004 10 035 7.5 0.44 0.4
1481 2.31 Ice 23) Ice 528 080 ATS 475
32282 340 Snow 101 20 Seow 101 0@ 20 35 24 .
Note. Slake spparently sank. Gukana Ghacar temperature recards shew st days of mean (amperatures above 0 C siler 91481, Eslimate 15 cm of addittonal pbistion nfler 31481
RESULTS FOR 198 BALANCE YEAR: -4.90 490
DATA FOR 1982 BALANCE YEAR:
STAKE 82-32 (ns(alled 3¥22/82)
322/82 9.68  Snow 101 20 Snow 101 0 20 035 B67 [ 0.3
9/11/62 360 ice 31850 Ite 507 0% 4,56 488
2083 473 Snow 032 147 163 10 Smow (6 02 11 32 310 lce 5.57 .90 -6.01 52 501
RESULTS FOR 1982 BALANCE YEAR 5.01 501
DATA FOR 1983 RALANCE YEAR:
STAKE 83-32 (ins(aled 420783}
4120/83 952  Soow 032 & (63 10 Snow 163 02 f1 032 789 052 0.92
o8y 352 e 352 lce 437 090 JH .04
Y18/84 473 Snow 36 1.9 134 14 Snow 134 02 15 36 33 lce  -450 .90 4,05 48 405
RESULTS FOR 1983 BALANCE YEAR: 405 4,08
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Table 2G, continued

Obsarvafions Accumulation e cutalions Summer suffate  Ablabion calculabons Mass balance rgsulls
Date  Slake reading Stake Pil Probe dis) Maleral Thickness o b'ss Materiat Change p Ice  Fim Snow Intemal Nal
5 Surface 45} p  dis) Mear @ Mean s n Esl. Obsv  Est Est, b} b)) Dbs) vfk) b,
midy (m) matesia! () (gem) (m) {m) m_(m  (gem) (m) {m) (m) fgem?)  (mu.) (M) (M) (ma) (M)
OATA FOR 1984 BALANCE YEAR:
STAKE 8432 (nslalled ¥14/84)
WNB/BL 1450 Snow 03 1,39 13 14 Soow 13 002 15 036 1318 048 0.48
syes 841 fce 8.41 e 475 090 427 -4.27
4/585 968 Snow 14 Snow 134 05 12 3 B8R lee 484 80 4,36 47 -4.38
RESULTS FOR 1984 BALANCE YEAR: 4,36 -4,38
DATAFOR 1985 BALANCE YEAR:
STAKE 84.32 {continued)
4685 968 Snow 1.4 Snow 134 008 42 035 &% 0.47 0.47
9585 438 e 138 Ice 3% 0% 356 -3.56
STAKE 8537 (nstalled 4/585)
4985 1050 Snow 14 Snow 134 05 12 35 9,16 47 47
9585 4% lce 490 e 426 90 383 383
486 628  Snow 166 Snow 1,66 04 15 .35 462 lce 454 .80 -4.09 58 -409
Nota. The nel balance resull for (he year Is the average b{i) on 9/S/85 plug Lhe bi} of steke 8532 from ¥'5/85 Lo the end of the balance yeor.
RESULTS FOR 1985 BALANCE YEAR' (average of stakes 8432 and 85-32) ~3.95 3.85
DATA FOR 1986 BALANCE YEAR
STAKE 86-32 (instaled 4/986)
4/986 8.86 Snow 166 15 Snow 166 004 15 035 2.2 658 38
107/85 252 ee 252 13 Ice 49 080 442 4,42
V187 388 Snow 162 10 Snow 162 07 10 35 28 28 .57
Noto: Stake was ssvercly affacled Dy ice mell around base, giving medioare results,
REBULTS FOR 1388 BALANCE YEAR: 4,42 4,42
OATA FOR 1387 BALANCE YEAR'
STAKE 8732 {installed 31987
V1987 994 Snow 162 10 Snow 1.82 007 30 035 4% 087 0.57
Bre787 440 ce 410 Ice 422 080 380 .60
ANSI88 588  Snow 238 Snow  2.38 t 3 a6 lee 472 .90 424 8
RESULTS FOR 1937 BALANCE YEAR; ~4.24 -4.24
DATA fOR 1988 BALANCE YEAR.
Note: She move to 31 kim
STAKE UAR7-31 {Insialled 4/30¥87)
11488 6,36  Saow 170 Snow 1.70 035 IW 059 0.59
4113/68 6.00  Snow 238 Snow 2.3 1 35 38 83 8
STAKE UAS8-3{ (irstatied 4/19/88)
41988 11.04 Snow 238 Snow 228 1 38 868 83 83
4124189 530 Snow 81 Snow .61 1 kS 47 lce 395 080 355 21 -356
Note! Snow depth on 4/21/89 estimated irom measurements at 26 km and 38 km sites
RESULTS FOR 1088 BALANCE YEAR! 398 3.5
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Table 2H. Mass balance, 38 km site, Black Rapids Glacier

[middy, monthidaylyear. b, height of surface on stake, meesured relalive (o base of stake; m, melers; p, density; g/om?, grams per cubic cenlimeter, d{s), depth
of snow; Stake d(8) & calculated by sublracting 8 previousty observed summer surface heighl (b'ss) from b'; Probe dis) is measured by forcing a thin probe rod
itrough (he snow pack until it is stopped by the hard summer surface; n, number of cbservations, s e., standsrd error; Est., estimaled: b'ss, height of summer
surface on stake, measured relalive 10 base of sizke; Obsv., abserved, b(i), 1ce balance; b(f), fim balance, b(s). snow balance; b(k), inernal accumulation--ramn
and snow melt waier refrozen in the pore space of permegble fim in the sccumulation area (Trabant and Mayo, 1985), bn, nel mass balance; my., meters watet

squivalent; Sup. ice. supenimposed ice}

Obsarvalions Accumalation calcololions Summer surface  Ablation calculatons Mass b¥8nce resulis
Dato  Stakareadng Stake ot Probe ofs)  Matenial Thicknass P b'ss Maiznd hang o ce  Fm Snow lalernd  Nel
b’ Sutsts dis) p dis) Mean n Meen 30 n Esl.  Oksy. Est Est, bl) BN bs) bk b,
midy  (m] matedel (m) {g/em] (m) (m} {m} _{mj (gem’)  (m)_ (m) () @em?)  (Ma) (] (Bl (M ()
DATA FOR 1973 BALANCE YEAR:
SYAKE 73-38.0 (inslalled 7/22/73)
T8 520 lee 5.20
JNST3 242 Snow 013 7 Smw 013 007 7 020 2. 0.0
RESULTS FOR 1973 BALANCE YEAR: no (8sUts
DATA FOR 1874 BALANCE YEAR.
STAKE 73-39.0 (conlinued)
33474 234 Snow 051 6 Spow 051 006 6 036 1.8 (Rt} 018
STAKE 74-30.8 (inslslled 3/31/74)
374 500 Snow 81 8 Snew .5t 06 8 38 8.48 18 18
721174 500 e 500 Ico 349 080 =314 314
RESULTS FOR 1974 BALANCE YEAR: no rasats
DATA FOR 1975 BALANGE YEAR:
STAKE 75-38.8 (installod 3/6/75)
W75 1000 Snow 036 128 082 15 Soow 092 010 16 9.08 0.3 [VR<]
82875 450  Ico 4.9 lce 458 080 412 412
%6 385 Snow 80 Snow .80 1 0% 30 ke 602 S 542 29
RESULTS FOR 1975 BALANCE YEAR: 5,42 542
DATA FOR 1976 BALANCE YEAR:
STAKE 76-38 (alEtude 542 mn, instalied ¥/26/76)
W2l78 625  Sonow 080 Snow 0.80 i 03 84 0.25 0x
913 .00 o complelely ableled oul
RESULTS FOR 1876 BALANCE YEAR: no resdiy
DATA FOR 1977 BALANCE YEAR:
SYAKE 77-38 (insiefied ¥14777)
IMATT BAS  Snow 070 10 Snow D70 002 0 0% 775 0.25 025
91%7/77 1.00  lce 1.0 .06 Ice 669 090 6.02 6.02
32078 231 Soow 119 10 Soow 199 04 10 36 112 106 43
RESULTS FOR 1977 BALANCE YEAR: 6.02 -5.02
DATA FOR 1978 BALANCE YEAR'
SYAKE 78-38.3 {instakied 3/20478)
W78 1018 Show 119 1@ Snow 119 004 10 035 900 0.4 0
923778 212 Snow 08 4 Snow 08 .00 4 20 204 227 lea 674 0%  BOS 02 08
W 279 Snow 3018 Srow 3 04 18 B 24 27 A
RESULTS FOR 1978 BALANCE YEAR: 6,08 -6.08
DATA FOR 1979 BALANCE YEAR,
STAKE 79-38.3 pnstakiad Y2979}
479 BES  Shw 030 1B Snow  D.30 18 0.3 855 0.11 [oR]]
82379 228 Iee 22 lce 632 090 589 569
32980 113 Snow 2110 Spow 24 04 10 36 92 lta 783 90 687 08
RESULTS FOR 1979 BALANCE YEAR -6.87 £6.87
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Table 2H, continued

Observations Accumuetion calcuabons Summer euface  Ablalion caboulations Mess balancs results
Dete  Siake reading Steka Probe d(s) Matenia) Thicknest 3 bss Material hong p lee  Fim Snow (nemal  Hel
b Surfece dfs) p Mean o Mean se n Est  Obsv. Esl Exl. bl o) bis} oK b
midy  |m)  meterial m) (gemd (m) (m) (m)  (m) {yem?)  (m) (M) {gem?) (M) (M) (M) (M) (M)
DATAFOR 1980 BALANCE YEAR
STAKE 80-38 (inslailed 3/29/80)
32980 962 Snow 0.21 10 Snow 021 004 10 03 981 0.08 0.08
QA0 AN ke 313 lce 648 090 3,83 583
Y2485 284 Snow 1310 Snow 13 03 10 3B 271 lee 690 90 Eal .05
RESULTS FOR 1980 BALANCE YEAR: 821 4.21
DATA FOR 1981 BALANCE YEAR:
STAKE 81-38.3 {instated 3724/81)
481 S Snow 013 10 Snow 013 003 10 036 23 0.05 0.08
1451 2 M lce 2.1 lee -7.20 040 -§448 -6.48
U082 2R Snow 20 Snow .12 03 10 W 210 lee 2N 90 £49 04
RESULTS FOR 1981 BALANCE YEAR: .48 648
DATA FOR 1982 BALANCE YEAR'
STAKE 82-38 (installed 3/22/82)
Y2217 995  Snow 042 10 Seow 012 O (0 0% 98 0.04 0.04
os2 3.7 Ice 3.7 lee 668 0.9 45,69 598
42083 3 Snow 49 10 Snow 49 07 0 38 2@ lce  £95 90 5,28 18
RESULTS FOR 1982 BALANCE YEAR: -6.26 5,26
DAYA FOR 1983 BALANCE YEAR;
STAKE §3-38 (instalad 4/2¢8))
420/83 988 Snow 049 10 Snow 49 007 {0 03 848 018 018
A8/83 367 lce e lese 579 Q90 S0 521
484 346 Snow 2415 Spow 24 03 15 B IR flce 824 80 582 .08
RESULYS FOR 1383 BALANCE YEAR: §.62 $5.62
OATA FOR {984 BALANCE YEAR:
STAKE 84-38 (instalied Y/18/84)
3/14/84 1483 Snow 0.2 15 Smow 24 003 15 03 1459 008 0.08
a2ysd 846 lce 8.46 fce 613 020 5,52 4.52
4685 824 Snow 28 18 Snow .28 03 15 B8 7.96 lca 863 @0 -5.67 10
RESULTS FOR 1384 BALANCE YEAR: -6.97 5487
OATA FOR 1985 BALANCE YEAR:
STAKE 84-18 (continued)
46105 824  Snow 028 15 Snew 028 003 (5 036 79 010 0.10
9/5/85 251 251 lce -545 090 -4.91 43
4886 233 Snow 45 20 Snow 45 03 0 3B 20 fce -588 90 529 A8
STAKE 85-38 {inslaBad 4/6/88)
41685 11,14 Snow 28 15 Snow .28 03 15 .36 1086 .00 A0 .10
¥S/g5 551 5.5 Jee 538 90 -4.82 4,82
46/88 543 Snow A5 20 Snow 45 03 20 36 498 fee 588 90 $.28 .16
RESULIS FOR 1985 BALANCE YEAR: 529 529
DATA FOR 1886 BALANCE YEAR:
STAKE 86-38 (installed 4/6/66}
4686 1005 Snow 0.45 20 Snow 045 003 20 038 9.60 a.18 0.16
107186 285 (ce 285 lee 878 090 6.08 £.08
N7 265 Snow 03 Snow .03 v 2@ lce £98 90 L2 01
RESULTS FOR 1985 BALANGE YEAR 6.2 £28
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Table 2H, conlinued

Observations Accumuiation cacidetions Summer swriace  Ablation caleulatons Mass balapcs results
Dale  Stake reading  Shtke [0 Probe dfs) Malunial Thickness p bss Material hang p o Fim  Snow lnernal Nat
b Sufece dis) p dfs)  Mean n Mean s@ n Esl.  Obsv. Est =3 bf) b} bis) b b,
mdy (m) malerisl (m) (geor) (m) im) (™ (m) (@emd) (M) (m) ) (gen®)  (mn} (M) (M) (1) (M)
OATAFOR 1987 BALANCE YEAR:
STAKE 87-38 (instatled ¥19/67)
aMY87 993  Snow 003 1 Snow  0.03 1 036 860 0.01 0.0
877187 400  fce 4.00 Ice $30 090 4.3 $.34
420/88 3.60 Snow 24 3 Snow 24 003 3 36 336 lce 654 90 -6.88 09
RESULTS FOR 1987 BALANCE YEAR: 5.88 5,68
DATAFOR 1988 BALANCE YEAR:
STAKE UA83-38 3 (inslaNed 4/20/88)
4208) 710 Snow 2 Snow .24 003 3 03 8.8 0.09 009
e 35 e 35 lce 651 080 386 508
Note: Very poor dala; sfake had fallsn aver and a Nolo 0.35 meters doep was chserved.
RESULTS FOR 1988 BALANCE YEAR: no results
OATA FOR 1082 BALANCE YEAR:
STAKE UUABA-38.3 (ingisled 4/15/80)
4720088 792  Snow 030 | Snow 030 1 036 762 01 0.1
4115199 185  Snow 57 2 Snow 57 004 2 3 (.28 lee 634 R XA 2 ST
RESULYS FOR 1989 BALANGE YEAR; 871

TABLES 58



Table 2I. Mass balancs, L-19 km site, Black Rapids Glacier

jm/dly, month/dayfyear; o', height of surtace on stake, measured relalive 1o base of stake; m, melers; p, density; g/lcm?, grams per cubic cenlimeter, d(s), depth
of snow; Slake dfs) s calculated by subtracting a previously observed summer surface heighl (b'ss) from b'; Probe d(s) is measured by forcing a (hin prabe tad
Ibrough the snow pack untilif ts stopped by the hard summer surface; n, number of observalions: s.e., standard error; Est., estimated, b'ss, height of summer
surface on slake, measured relalive to base of stake; Obsv.. cbserved; b(i), ice balance; b{f), fim balance; b(s), snow balance; b{k). internal accumutation-tain
and snow melt water refrozen in the pore space of permeable fira in fhe sccumulation area (Trabani and Mayo, 1985): b, net mass balance; mwe, meters water
oquivalent. Sup. ice, supedmposed ice}

Chservalions Accumulalion cacuations Summer surface  Ablation calctfations Mass balance resulks
Date  Staksreading Stake At Probe dfs) Material  Thickness  p b'ss Matesial Change  p fca  Fim  Soow Inlemal Net
&' Surtace dfs) p ds) Mean n Mean se. n €6l Obsy. EsL Esl. b(l) by bls) bk} b
mdy (m) mewsd (m) jgem?) (M) (m) fm) (m)  (gleow’} (m) (m) M {ger?) (M) (M) (M) (M) (M)
DATA FOR 1380 BALANCE YEAR:
SYAXE B0-L 19 {Instaliea ¥28/80)
3028/80 8.44  Snow 365 6 Snow 385 010 8 035 47% 128 i.28
VY80 551 Snow o Snow 22 15 5.28 u"
Flm 80 1 .5t 0.26 27 83
Y2381 773 Snow 035 264 Snow 264 04 10 35 50
RESULTS FOR 1980 BALANCE YEAR: 2 27 53
DATA FOR 1981 BALANCE YEAR.
STAKE 80-L18 {tontnuad)
Y208t 773  Snow 284 10 Seow 284 004 10 035 509 0.92 0.92
2281 587 Soow 052 Snow .52 1 .20 4538 .10
Firn 26 1 5 [ORK] 21 u
STAKE 83-L19 (installad ¥23/81)
Y2381 826 Snow 264 10 Snow 264 04 t0 35 584 92 B/]
o281 620 Snow 52 Snow .52 1 .20 568 40
Fim Fim 04 1 51 02 21 23
RESULTS FOR 1981 BALANCE YEAR: (average of stakes 80-L19 and 83-L19) 08 24 29
DAYAFOR 1582 BALANCE YEAR
STAKE 80-118 (contiued)
81082 424 Snow 015 Sow  0.45 1 020 408 0.03
STAKE 81113 (conlinved]
372382 806 Saow 238 Snow 238 i 35 5.68 83 0.83
82 485 Soow 5 9 Snow 16 i 20 470 Fim 098 051 050 03 - 80
427183 727 Snow 284 10 Snow 284 08 10 3B 44 100
STAKE 82-L 19 (inslalled ¥23/82)
JR82 B.11 Show 238 Snow 238 3 57 8 83
QB2 473 Spow i5 Snow 15 128 456 Fim -415 59§ - .58 .03 - 69
Y27/ 743  8now 284 10 Snow 284 09 10 3B 489 1.00
RESULTS FOR 1982 BALANCE YEAR: - .84 - .54
OATAFOR 1883 BALANCE YEAR
STAKE 82-L19 (conbnued)
427/83 7.43  Snow 284 10 Snow 284 009 10 035 459 1.00 100
o83 427  lce 4 lee 832 030 028 - .28
Nnzed 671 Snow 274 10 Snow 274 04 10 35 397 ke - 81 90 - 55 96
RESULTS FOR 1583 BALANCE YEAR: - 58 . 55
OATA FOR 1284 BALANCE YEAR:
STAKE 84-L 19 (inglatied V17/84)
Y17/84 7.99  Snow 274 10 Snow 274 004 10 035 528 0.86 096
828084 507 Snow 04 Snow O 1 20 603 ke 022 090 0.20 01 -2
415085 778 Snow 277 8 Snow 277 ® 9 3 S0 e .2 80 -2 97 -
RESULTS FOR 1984 BALANCE YEAR: -2 -2
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Table 21, continued

Observations Accumuation cdculations Summer surfacd  Aplation celevialions Mass balance restlts
Dale  Slakareadny Stake it Prebadls)  Metendal Thicknass p b'ss Motesial Change p lta  Fim  Snow Inlernal  Nal
b Suace dis) p ds) Meaa a Mean s.s. n Est Qobsy, FEsb EsL ofy by bsy blk) b
midy () malensl (m) (gere) (m)  |m) mm) gem)  m)  im) M (gem)  (mu) (my) Ima) (ma) ()
DATA FOR 1985 BALANCE YEAR-
STAKE 84-L18 (conlinued)
A/5/85 778  Snow wn Snow 277 002 8 03 S0 0.97 0.97
9/5/85 541  Snow 0.8 Spew .03 1 20 5§38 §n 01
A2 Sup.lee .12 180 611
24 Am 24 51 12 sl
41Y86 772 Snow 2.28 Shew 228 L1 10 35 Sd 541 .80
RESULYS FOR 1985 BALANCE YEAR: 23 23
DATA FOR 1386 BALANCE YEAR
STAKE 84-L13 {contlnued)
41Y88 7.72 Show 0.3 28 Snow 228 001 10 544 541 0.80 0.60
9r26/86 460  Snow 20 .30 Smow 30 .02 12 439 Sup Ice D12 080 011
Fim - 24 5 « 12
e - 66 .90 0.58 - 82
STAKE 86-L19 gnstelied 4/2/85)
412/86 825 Snow B 2.28 Snow 228 01 10 5.87 .80 80
Y2586 530  Snow 20 .30 Smow 30 02 12 500 493 Suple - 12 &0 B
Fm -.24 51 - 12
lea - 63 8 - .81 - 84
320087 806 Snow ¢.440 U Snow 324 10 48 4R 1.41
RESULTS FOR 1988 BALANCE YEAR, (average of 4lekss 84-L19 and §6-L19} 86 .- R . 83
DATA FOR 1987 BALANCE YEAR
STAKE 86-L19 (conlinued)
32087 B.06 Snow 3.2( Snow 321 005 10 035 485 1.12 § 12
42088 830  Snow KR L] Snow 31 07 3 35 5Ny 1.12
Frmn 26 15 0.13 A3
RESULTS FOR 1987 BALANCE YEAR; 13 13
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Table 2J. Mass balance, L-22 km site, Black Rapids Glacier

(m/dly, monthiday/fyear, b', haight of surface on stake, measured refative lo base of sizke; m, melers; p, density; g/cm3, grams per cubic centimeler, o{s), deplh
of snow; Stake d(s) is calculaled by sublracling a previously observed summer surface height (b'ss) from b’; Prabe d(s) 1s measured by forcing a thin probe rod
through the snow pack until it is stopped by (he hard summe surface; n, number of observations; s.e . standard error; Es{,, estimaled; b'ss, haight of summer
surface on stake, measured refative to base of stake, Obsv., abserved; b(i), ice balance; b(f), fim balance, b(s), snow balance; b(k), infernal accumulation--rain
and snow melt waler refrozen in Ihe pore space of permeable fim in the accumulation area (Traban( and Mayo, 1985): ba, net mass balancs: me, meters waler
equivalent; Sup. ice, superimposed ice}

Observalions Accumufalion calculabons B t gurface Ablation ¢aleuletions Mas3 balsnce resulls
Dals Staka twadng Sloks Pit Probe dis)  Mslerdal THcknass ) b'ss Materia Chang  p lce Fim  Snow Intemal  Net
o Surece ds) p ds) Mean n Mean ¢a8. n Esl.  Obsv. Est Est. b{) bl 6s) b)) b,
migy (m) malerie! (m) (enP) {(m) ™) m (m fofem?)  (m) (m) (M) {glem) (M) (M) (Ma) (M) (M)

DATA FOR {977 BALANCE YEAR
STAKE 77-L23 (inglelied A/18/77)

Y7 8994 Snow 275 4 Snow 275 007 4 032 720 0.88 0.68
U278 753 Snow 207§ Snow 207 08 § 32 546 lee 174 090 .56 86 BE
RESULTS FOR 1977 BALANCE YEAR -1.56 -1.86
DATA FOR 1978 BALANCE YEAR

STAKE 78-L22 {Instafied 3/21/78)

32175 B.08  Snow 220 5 Show 220 003 5 032 588 0.70 0.70
W79 431 Snow 197 10 Seow 197 03 10 32 284 lee 284 090 -2.684 83 -2.64
RESULTS FOR 1578 BALANCE YEAR -264 -2.64

DATA FOR 1979 BRLANGE YEAR

STAXE 78-122 (continued)
3379 491 Snow +97 10 Spew 397 003 10 D32 294 0.63 0.63
RESULTS FOR 1979 BALANCE YEAR: no resulls

DAYA FOR 1980 BALANCE YEAR:
STAKE 80-L22 {installed 3/2&80)

J2B/80 B.97  Snow 2086 10 Snow 266 003 10 032 631 08§ 685
H4/BO 489 Snow or 10 Snow .67 a1 10 .20 483 481 lee  .150 050 135 0 435
VZu81 664 Snow 180 10 Snow 180 .02 10 32 484 481 58

RESULTS FOR 1880 BALANGE YEAR -1.35 135

DATA FOR 1981 BALANCE YEAR

STAKE 80-L22 (continued)

32481 664 Snow V80 10 Snow 180 D02 10 032 484 48% 0.58 0458

6/22/81 510 Snow 3 9 Snow 35 04 9 50 475 4B A7 A7

9281 315 Soow 40 1 Snow .40 i 20 275 lee 206 080 -1.85 .08 1,85

STAKE 81-122 (nstalled 328 1)

2481 827  Snow 180 10 Snow  1.80 02 10 32 647 644 58 58

62281 675 Bnow I’ 9 Spow 35 04 9 50 640 644 A7 R

9/2Y81 480 Snow 4 1 Snow 40 1 20 440 43 ke 205 80 .84 .08 -1.84

Y2382 594 Snow 156 10 Snow  1.56 02 10 .32 438 438 50

RESULTS FOR 1881 BALANCE YEAR' (average of Stakes 80-122 snd 81 L22) -85 485
DAYA FOR 1982 BALANCE YEAR:

STAKE 81-L22 (¢ontlnued)

Y7382 594 Snow 1.5 10 Snow 156 002 10 032 438 0.50 0.50

oi1/82 204  fee 204 lce  -234 090 241 211

42283 385 Snow 198 10 Smow 198 02 10 32 487 lce 251 o0 22

STAKE 82427 {instalad 32082}

H2¥82 952 Snow 15 10 Snow 156 02 10 32 79 20 50

81182 533  lee 533 lee 263 30 237 237

42Y83 7T  Snow 188 10 Snow 198 02 10 32 sS» lee -274 90 247

RESULTS FOR 1882 BALANCE YEAR' (averege of stakes 81-L22 end 82122) 237 237
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Table 2J, continued

Ohgesvaliors Accumulation calcualians Summer sutace  Abfetion calcuiations Mass balance results
Date Slekereadng Slaxe Pt Proba dfs)  Material Thickness o b'ss Maleria Chang  p ice  Fien  Snow Interndl  Net
b Suriace dfs) p dis) Mean o Mean se. n Es|  Obsv Esl. &L b) b bis) b b
midy  (m) maledsl (m) (geor)) {m)  (m) fm} my (gem’)  (m) () (m) (o)) ma) ma) (M) () (m)
DATAFOR 1983 BALANCE YEAR
STAKE B3-L2 (instafled 4/22/83)
4722/83 1021 Snow 198 10 Snow 198 002 10 032 8B 0.63 0.63
9/8/83 6.1 Snow 21 17 Snow Al 02 17 20 800 S5 Ice  -229 0% 206 04 206
Y7184 766 Snow 197 {0 Snow 197 04 10 32 50 594 63
RESULYS FOR 1983 BALANCE YEAR. -2.06 208
DATAFOR 1984 BALANCE YEAR;
STAKE 83022 (canhinead)
3117184 79 Snow 197 10 Snow 197 004 10 032 589 544 0.63 0.63
B28/84 4,12 lca 42 lee  -182 @90 -1.6¢ -1.64
4385 8§81 Snow 196 10 Snow  1.96 01 10 32 388 lce  -1.89 90 -1.79 83
RESULTS FOR 1984 BALANCE YEAR, -1.78 4,78
DATA FOR 1985 BALANCE YEAR
STATE 83-L22 (continued)
4785 531  Snow 168 (0 Srow 195 001 10 032 3% 0.63 0.8
911185 248 lce 248 lte -147 09 132 -1.32
STAKE 85-.22 finstallsd 4/5/65)
4385 988 Snow 1% 10  Snow 1% 01 10 32 1® 63
9Es 8.2 ce 622 624 e -168 30 -1.64 -1.51
42488 7.98 Snow I72 40 Snow 172 08 10 32 58 62
RESULTS FOR 1985 BALANCE YEAR. (2vetage of siakes 83122 and 85422} -1.42 A1.42
DATA FOR 1986 RALANCE YEAR,
STAKE 85-L 22 (continused)
YN8 798  Snow 172 10 Spow 1,72 Q.06 10 03 8.6 624 0.9 0.5
107186 409 Snow 36 14 Snow 3 02 14 20 37M lee 251 090 228 o7 -226
RESULTS FOR 1986 BALANCE YEAR. 2.26 228
DATA FOR 1387 BALANCE YEAR
STAKE 87.L.22 (installsd 220/87)
J20/87 792 Snow 238 15 Snow 238 005 15 032 SH4 [} Q.76
87187 3.9 lce 391 417 lce 137 0.0 1.8 428
41438 838 Snow 19 3 Snow 193 06 3 32 448 47 .62
RESULTS FOR 1987 BALANCE YEAR: IR Ry <
DATA FOR 1888 BALANCE YEAR,
STAKE 87-L22 (continued)
41488 638 Snow 18 3 Snow 183 006 3 03 4493 41 0.62 0682
9288 1.4 Saow a3 1 Spow .03 l 20 142 143 lce -274 090 2247 04 247
4283 227 Soow 184 1 Snow 1.4 1 A2 18 1483 59
RESULTS FOR 1988 BALANCE YEAR: 2247 2,47
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Table 3. Example mass balance calculation from the ablation area, 14 km site, 1983

{m/dly, manth/day/year, b, height of surface on stake, measured relative 10 base of stake; m, meters; p, density; g/cm?, grams per cubic
centimeter, d(s), depth of snow; Stake d(s) is caloufated by subtracting 2 previously observed summer surface height (b'ss) from b
Probe d(s) is measured by forting a thin probe rod through the snow pack until it is stopped by the hard summer surface; n, number of
observations; s.e., standard error; Est., estimated; b'ss, height of summer surface on stake, measured relative to base of stake; Obsv..
observed. b(i). ice balance; b(f), firn balance; b(s), snow balance; b(k), internal accumulation—rain and snow melt water refrozen in the
pore space of permeabie fim in the accumulation area (Trabant and Mayo, 1985); b,, net mass balance; m,,, mefers water equivalent;

Sup. ice, superimposed ice)

Chservations Accumulation calculations Summer sudace Ablation ¢alculetions Mas's balance rasulls
Dale  Stokereadng Stake  Pit Probe d(s) Materid  Thickness  p b'ss Meterial Change  p e Fim Soow Intamal Nel
b Sudace dfs) o ds) Meen n Mean sa n Est Obsv  Est =18 bli) bff) bfs) Bk b,
midy  (m) matensl (m) {glew’) (m) (m) m) (m)  (FmY  (m) (m) m)  {gom’)  (mu) (Ma) (mw) (M) (M)
DATA FOR 1976 BALANCE YEAR

STAKE 75-14 (continued)
32476 846  Snow 2B 5 Snow 223 001 5 034 6.3 078 0.76
91376 531 Snow 27 9 Soow 27 1 20 504 497 lce A% 0980 4123 65 BRK!
319177 800  Snow 309 3 Soow 309 08 3 34 491 497 1.05
STAKE 76-14 (installed 3/24/76)
2416 810 Snow 22 5 Siow 228 01 5 U 587 76 78
/13776 492  Snow 2 1 Snow 27 i 20 465 41 lee 1,16 80 104 05 104
Y927 787  Snow 309 3 Sow 309 01 3 34 A78 AT 1,05
RESULYS FOR 1976 BALANCE YEAR:{averane of stakes 75-14 ona 76-14) -1.08 108

Table 4. Example mass balance calculation from the ablation area, 20 km site, 1975

{nvaly. month/daylyear; b', height of surface on stake, measured relafive to base of stake; m, meters, p, density; gfcm®, grams per cubic
centimeter, d(s), depth of snow, Stake d(s) is calculated by subtracting a previously ebserved summer surface height (b'ss) from b’
Probe d(s) is measured by forcing a thin probe rod through the snow pack until it is stopped by the hard summer surface; n, number of
observations; s.9., standard etror; Est., estimated; b'ss, height of summer surface on stake, measured refative to base of stake; Obsv.,
observed; b(i), Jce balance; b(f), fim balance; b(s), snow balance; b(k), internal accumulation—rain and snow meft water refrozen in the
pore space of permeable fim in the accumalation area (Trabant and Mayo, 188S); ba, net mass balance; my.,, meters water equivalent;

Sup Ice, superimposed ice)

Obsavations Accumglation caleulgtions  Summer surface  Ablation calculations Mass balancs resulls

Datie  Stake reading Stake £il Probs d(s) Mefens  Thickness o b'ss Material Change  p lca Fim Snow Intsmsl Met

B Sufeco ds) o ds) Mea n Mesn ce n Est  Obsv. Est Est By bl) bls) bk b
midly  (m) malerd (m) (gem®) (m}  (m) (my (m) (gm? (m) (m) (M) (gom) (ma) (M) (Me) (M) (M)

DATA FOR 1975 BALANCE YEAR:

STAKE 75-20 finsislied 312/75)
3ATS 9380 Snow 145 10 Snow 145 03 10 32 846 46 A6
8515 605 lce 6.05 2241 080 216 218
32476 707  Snow 128 8 Snow 128 03 B 32 478 268 90 240 At 240
RESULTS FOR 1975 BALANGE YEAR: -2.40 240
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Table 5. Example mass balance calculation from the accumulation area, 8 km site, 1980
(rvdly, month/day/year; b, helght of surface on stake, measured refative to base of stake; m, meters; p, density; g/cm’. grams per cubic
centimster, d(s), depth of snow; Stake d(s) Is caloulated by subtracting a previously observed summer surface height (b'ss) from b’;
Prabe d(s) is measured by forcing a thin probe rod through tha snow pack until it is stopped by the hard summer surface; n, number of
obsarvations; s.e., standard error; Est., eslimated; b'ss, height of summer surface on stake, measured relative to bage of stake; Qbsv.,
ohserved; b(l), ice balance; b(f), firn balance; b(s), snow balance, b(k), internal accumulation--rain and snow melt waler refrozen In ihe
pore space of permeable fim In the accumulation area (Trabant and Mayo, 1985); b,, net mass balance; m.., meters water equivalent;
Sup. ice, superimposed ice)

Observallons Accumylalion caleulations  Summer surfacs  Ablation caliulabons Mass balance resuls
Dala  Siskoceadng  Slake Pit Probe d{s) Material Thicknass p b'ss Maleria! Change  p lce Fin  Snow Internal Net
b Surface dfs) p dis) Mean n Mean se n Esl  Obsv. Esl Esl. b{i) by b{s) bk} b
wdy  (m) metenst () (gl () () ) (m (gferm) (m) (m) (M) fglem®)  (Mu)  {Mu) (M) (M) (M)
DATA FOR 1980 BALANCE YEAR:
STAKE 78-8 (continued)
327180 833 Snow 3.1 5 Snow 3ft 001 5§ 038 522 1.12 112
S4B0 6.8  Snow 082 Snow 32 1 26 651 08
fim 129 ! Bt 0.88 0.2 93
RESULTS FOR 1980 BALANCE YEAR' 68 2799
Table 6. Uncertainties in mass balance quantities
[m, meters; g/em?, grams per cubic centimeter; °C, degree Celsius)
Quantity Estimated Comments
uncentainty
Stake reading, (b
On snow surface $0.02 m Snow surface is usually smooth,
On ice surface $0.10 m Ice surface is rough and uneven. b’is a visual average of
the ice surface height.
Snow or firn denslity
Estimated (snow) +0.04 g/cm?® (=15 percent) Most snow and firn densities were estimated.
Eslimated (fim) 0.1 g/cm? (=20 percent)

Observed in pit

Depth of snow

+0.005 g/ecm?

(1.5 percent) See description of snow pit uncertainties in
the appendix "Snow Pit Data"

Probing Standard eiror Reported in the 9th column of the mass balance data
tables.
Pit Standard A single observation on an uneven surface. Typically 0.05-
deviation 0.20 m,
Stake fim depth +£0.15m Firn compaction and stake slip can move the stake relative
to the summer surface.
Summer surface
temperature
Observed +1°C Reading from a dial-type thermometer.
Calculated #1-3°C Error associated with extrapolating summer surface
temperatures, See section "Temperatures at the
Summer Surface".
Internal +10 percent Error reported by Trabant and Mayo (1985).
accumulation
estimate
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Table 7. Combined uncertainties for mass balance site data: Examples of typical situations
(These terms are defined in section “Mass Balance Data Tables™ b, stake height reading; d(s), snow depth; d(f), firn depth; s.e.,
standard error; p, denslity; ss, summer surface; m, meters; T, temperature; °C, degree Celsius; b(k), internal accumulation)

Area First Second First observation Second observation Combined
observation  observation  uncertainties uncertainties uncertainty
Ablation Spring, on Fall, on lce b £0.02 m, b £0.10 m, 011 m
sSnow surface d(s): s.e.~20.03  d(s): s.e.~+0.03 m
________ suface ML
Ablation Spring, on Fall, on b £0.02 m, b: £0.02 m, $0.05m
sSnow snow d(s): s.e.~+0,03 d(s). 5.e.~+0.03 m
________ surface_ __ surface  _ _ m_____ o ___.
Accumu-  Spring, on Fall, on b': £0.02 m, b" +0.02 m, For 1.0 m of
lation snow SNow a(s): $.e.~+0.03  d(s) in pit: £0.10 m firn: 28 percent
surface surface m d(f): stake depth: (£0.28 m),
+0.15m, For 2.0 m of
p(fim): 10 percent, firn: 22 percent
T(ss): calc. ¥2°C, (+0.44 m)

b(k): 10 percent

Table 8. Additional snow depth measurements, Black
Rapids Glacier

[Snow depths were measured in pits or by probing. Locations
refer to centerline coordinates (see "Coordinate Systems”
section) and were determined by estimating location on a map.
Locations are accurate to 200 meters. km, kilometers; m,
maters; g/cm?, grams per cubic centimeter]

Date Location Type Data
8/27/70 3.6 km Snow depth 0.80m
8/27/70 8.9 km Snow depth 0.60 m
8/27/70 8.9 km Flrn depth 1.65m
8/27/70 13.0 km Snow depth 010m
8/27/70 13.0 km Firn depth 0.80 m
4/23/72 8.3 km Snow depth 3.90m
4/23/72 9.7 km Snow depth 3.02m
4/23/72 12.6 km Snow depth 2.25m
4/23/72 16.0 km Snow depth 1.88 m
4/23/72 19.0 km Snow depth 1.83m
4123772 18.0 km Snow density 0.33 g/cm?®
4/23/72 22.2km Snow depth 1.66 m
4/23/72 25.8 km Snow depth 1.50m
4/23/72 29.1 km Snow depth 1.59m
4/23/72 32.0km Snow depth 1.32m
4/23/72 37.0 km Snow depth 1.10m
4/23(72 39.3 km Snow depth 0.69m
4/23/72 40.5 km Snow depth 0.47m
4123172 L-21 km Snow depth 1.82m
4/23/72 L-23 km Snow depth 1.68 m
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Table 9A. ice velocity: 2 km site, Black Rapids Glacier

[{Speeds are plotted in figure 3A. The coordinates for the base of the stake (X, Y, and Z) are reported in the locel coordinate system
(see "Coordinate Systems" section). Displacement is the length of the three-dimensional vecter representing the net displacement
of the base of the stake between the measurement dates. Seasonal speed Is the speed measured between consecutive
observations. Flow azimuth is measured relative to the positive y-axis (north) in the local coordinate system, positive clockwisa,
Vartical displacement and speed are reported separately. (Vartical displacement is included in the displacement and seasonal
spead.) Annual speed is the speed over a perlod of approximately 1 year, Whenever possible, annual speed is calculated between
conseculive spring observations. m, meters; m/yr, meters per year, —, no data]

Seascnal Flow Vertical  Vertical Anpual
Goordinate Period Displace- speed azimuth  displace- speed  speed
Date Stake X Y Z (days)  ment (m) (mAyr) (degrees) ment(m)  (mAr)  (miyr)
318777 77-2 120236 27882 22278 — — —- - —_ —_ -
9/23/77  77-2 12006.2 27890 22213 188 271 527 3200 -6.3 -12.2 -
32278 77-2 11996.7 28088 22174 180 2.0 448 3346 3.9 -8.0 49.4
3R27/80 802 121003 27463 2233.0 — — —_ — —_ — —
9/04/80 80-2 120909 27860 22286 161 218 49.7 3344 4.5 -10.2 —
3/22/81 80-2 12078.7 278889 22239 199 259 478 331.9 4.6 -8.6 49.4
/10784 80-2 12067.0 28146 22180 172 28.2 60.3 3356 59 -126 -
3/24/82 80-2 120538 28403 22125 185 29.0 546 3324 55 -104 58.2
9/10/82 80-2 120454 28640 22084 170 251 541 341 0 -4.1 -8.8 —_
3/24/82 822 12056.9 27263 22311 --- — —_ — — — —
9/10/82 82-2 120479 27474 22271 170 233 50.3 337.0 4.0 8.7 —
3/16/84 84-2A 12027.2 27452 22302 — -— - - -— — ver
8/28/84 84-2A 12017.7 27647 22263 165 217 48.3 334.2 -39 8.7 -
3/16/84 842B 120244 27434  2230.0 — —_ — —_ —_ —_ -
8/28/84 84-2B 12014.7 27629 22262 165 2.1 49.3 3337 38 -8.5 —
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Tabla 9B. Ice velocity: 4 km site, Black Rapids Glacier

Seasonal ~ Flow Vertical  Vertical Annual
Coordinate Period Displace-  speed azimuth  displace- speed  speed
Date  Stake X Y L (days) ment(m) (mAr) (degrees) ment(m) (mAT) (miyr)
7/24/73 734 113525 47784 20242 . — — - - -
327774 73-4 113250 48183 20172 246 482 718 3248 -7.0 -10.4
7r22/74 73-4 113113  4837.1 20143 17 23.4 736 32398 -3.0 5.3 721
8/28/75 734 112717 48947 20079 402 70.2 - 3255 -6.3 -5.8 63.9
3/241/76 734 11251.8 4923.1 2005.4 209 349 61.2 3247 2.5 -4.4 ---
9/183/76 73-4 112355 4948.1 2002.4 173 30.0 63.6 3272 -3.0 -6.3 82.1
227175 754 1122B.0 47274 20158 - -— - - - -
8/20/75 754 112093 47545 20118 182 329 66.4 3254 -4.1 -8.3
9/18/76 754 111709 4811.3 200838 382 68,5 - 325.9 -5.9 56 65.6
318177 77-4 112258 47004 20215 e - e - —-
123177 77-4 11204.7 47312 20175 189 376 72.9 3256 -4.0 -7.7
3/18/79 77-4 11187.3 47566 20162 176 30.8 84,3 3257 -2.3 -4.8 88.86
10/23/718  77-4 11165.8 4789.2 20129 219 392 85.6 326.8 -2.4 -4.0 -—
3/28/79 77-4 11151.0 48109 20088 156 264 62.2 3259 -3.0 7.1 84.0
3/28/79 79-4 112240 46995 20180 e —- — —- —
8/23/79 794 112072 47242 20147 148 2389 74.2 3258 -4.3 -10.7 -
2/04/80 79-4 111703 4779.0 20089 378 66.0 0.0 326.% -58 -5.6 83.9
3/27/80 80-4 11287.7 4663.4 2027.0 e — -— -— - - -
9/04/80 80-4 j1219.7 4689.6 20218 181 32.2 73.4 3255 -52 -12.0 -
3/22/81 80-4 11198.7 47208  2018.1 199 378 69.7 3260 -3.7 6.9 711
9/10/81 80-4 1117983 47496 2014.2 172 34.9 74.6 326.0 -39 -83
3/24/82 80-4 11158.2 47811 2012.0 195 38.0 71.5 326.3 -2.2 -4.1 72.7
9/10/82 80-4 11139.8 48050  2009.1 170 336 724 32686 -3.0 6.4
3/24/82 82-4 112213 46832 2028.3 ver - - == - - -
$/10/32 82-4 112005 47183 20212 170 389 79.7 3254 -5.% -i1.0
4/23/83 824 111755 47503 20169 225 447 728 3259 -4.3 -7.1 75.8
S/18/83 82-4 11168.7 47745 20146 148 295 732 3253 2.3 -5.6 -—
3/16/84 82-4 111406 48024 20123 180 333 87.9 327.0 23 -47 70.2
3/16/84 84-4A 112441 46718  2026.3 — —- ~- —-- === —
8/28/84 B4-4A 112233 47040 202013 165 387 86.2 3271 -6.3 -14.0 —
4/04/36  84-4A 112012 47370 20163 219 40,0 67.0 326.% -4.8 -8.0 75.0
59/12/86 84-4A 171818 47638 20117 161 333 76.0 3243 -3.8 -8.1 -—
4/03/86 84-4A 11159.8 47937 2008.7 203 37.1 67.4 3238 -2.0 -3.6 708
9/25/86 B4-4A 111415 48219 20067 175 33.8 70.9 326.9 -3.0 -6.4 -
3/16/84 84-4B 11238.1 4669.3 20258 - -~ - -~ -
8/28/84 84-4B 1121789 47004 20168 165 37.1 82.6 326.5 -6.2 -13.8 -
4/04/85 B4-4B 111945 47336 20147 219 40.9 &9.5 3248 -5.0 -8.3 74.4
8/12/85  84-4B 111788 47604 20113 161 33.0 753 3246 -33 -76 -—
4/03/88 84-4B 111545 47920  2009.t 203 381 68.8 3283 2.2 -4.0 71.4
9/26/86 84-4B 111354 48199 2006.2 175 339 71.2 3257 -2.8 -6.1 -
4/03/86 86-4 112299 4696.2 20228 208 - - -- - -
9726186 86-4 11208.3 47261 2017.4 175 38.3 76.2 3254 -55 -11.5 ---
3/16/87 86-4 11188.8 47552 20137 174 35.% 74,9 326.2 -3.8 -7.7 75.5
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Tabie 9C. lce velocity: 8 km sita, Black Rapids Glacier

Seasanal Flow Verfical  Verticat Annual
Coordinate Period Olsplace-  speed azimuth  displace- speed  speed
Date Stake X Y Z (days) ment(m)  (m/r) (degrees) ment(m) _(mAr)  (mAr)
745773 738 91287 77945 18951 uan — an — - — -
aR774 T8 91178 78288 18940 255 335 481 3446 A1 -16 -
7/22/74 738 91118 78451 1893.7 117 18.2 80.4 342.t -0.3 08 51.8
32774 748 91178 78268 1891.7 -~ — -~ — — — -
72274 748 91119 78451 1891.4 117 182 60.4 1079 0.3 -1.0 —
22875 748 91047 78703 1800.7 221 263 Q8 105.9 -7 SR 493
B/28/75 748 90975 78845 1889.9 181 253 513 106.7 0.8 -1.6 -
32476 748 90897 79206 1889.3 209 273 478 108.7 0.7 -1.2 49.3
9/13/76 748 90822 79445 18885 173 250 53.1 107.3 0.7 -1.5 —
31877 748  9076.1 7966.3 1668.1 186 227 a4.7 t05.8 0.5 -09 48.6
9/23/77 748 90682 79815 1887.4 189 265 514 107.8 =0.7 -1.3 -
3/22/78 748 90624 80114 1887.2 180 20.7 423 106,39 0.2 -0.4 8.7
10/23/718 748 90536  8038.2 1886.6 215 28.2 482 108.0 -0.6 -1.1 -
9/23/77 778 90347 80638  1889.1 - - - - — — —
3/22/78 77-8 90283 80838 1868.9 180 208 420 343.7 0.2 -0.4 -
3/22/7¢ 788 9087.3 80761 1885.0 -~ - — — -~ — ~--
10/23/78 788 9079.2 81039 1884.1 215 28.0 495 343.8 -0.9 -1.6 -
are8/79 788 90735 81225 18838 156 19.4 457 342.8 0.2 -0.4 478
B/23/79 788 90664 B1455 1882.9 148 24.1 58.8 3428 1.1 2.6
3/27/80 788 9059.4 81700 18824 217 255 43.0 3449 <03 -0.8 497
9/4/80 78-8 90524 6193.0 18817 164 241 55.0 3431 -0.7 -1.5 ~-
3/22/81 78-8 90451 8217.2 1881.6 199 25.2 465 3434 -0.1 03 50.2
6/22/81 78-8 00408 8232.2 1881.0 92 15.7 628 343.2 -08 24 -
3/22/84% 81-8 D082.6 80933 1887.0 —- - - —- — — v
6/22/81 81-8 90782 B107.2 1886.4 92 14.7 58.8 3423 06 -2.4
g/10/8f 818 90738 81186 1885.9 80 13.2 60.8 341.0 05 2.4 -~
3/24/82 818 90655 81453 1865.4 195 27.0 50.9 3418 -0.4 0.8 538
9/10/82 81-8 9058.0 81724 1884.7 170 28.1 60.7 3445 -0.8 -1.7 -
4/21/83 81-8 90494 82034 1884.3 223 322 52.9 3446 -0.4 -0.6 56.1
4/21/83 838 91227 80113 1889.9 — — —_— — — -
9/8/83 83-8 91156 8033.7 1889.1 140 23.5 61.7 3426 0.8 -20 -—
3/17/84 838 91071 80598 1888.2 191 273 524 341.7 0.9 -1.8 36.2
a/28/84 838 90982 8087.2 1887.2 164 287 64.4 3441 -1.0 23 —
4/4/85 83-8 90884 81173 1886.6 219 317 530 342.0 0.6 -1.0 577
¢/41/85 838 90818 8143.0 18857 160 267 61.4 3434 -0.9 -20 --
4/3/86 83-8 90738 81723 1885.0 204 304 48 344.8 -0.7 -1.3 57.4
4/3/86 86-8 80828 80773 18903 — — - - -— - ~a
or25/88 86-8 90737 81052 1889.2 175 293 615 3418 -1 -2.2
3/18/87 868 9088.2 8129.8 1888.7 174 5.8 543 343.2 0.5 -t S7.8
8/27/87 86-8 90584 81564 16887.6 162 27.7 628 343.5 -1.0 -2.3 e
4/21/88 BE6-8 90481 8150.1 1887.0 238 353 543 343.0 05 -1.0 57.6
4/19/80 UA90-8 90808 80838 1880,3 - - - - - o~
S/1/91  UAQ0-8 90881 81120 1887.8 377 503 - 3430 18 18 488
5/4/32 UAS0-8 90515 81626 {8875 369 527 = 343.9 -0.2 0.2 523
9/23/92 UASO-8 90446 B1B5.4 1886.6 142 23.8 61.6 343.0 -1.0 25 s
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Table 9D. Ice velocity: 14 km site, Black Rapids Glacier

Seasonal Flow Vertical  Verticat Annual

Coordinate Period  Digplace- speed azmuth  displace- speed  speed

Date  Stake X Y Z (days) memt(m) (mAyr)  (degrees) ment(m) (mAr)  (miyr)
7/2174 73-14 BO875 131636 1709.8 — - —_ —— —_ —_ —
3001775 73-14 90150 13171.2 17097 223 286 47.0 74.5 0.2 03 —

8/26/75 7314 90437 431790 17094 178 2.7 613 748 -0.2 05 53.2

3/0t/75  75-14 89720 131555 17055 -—
8/26/75 7514 9000.6 131643 17051 178

—_ —

299 616 73.0 ~0.4 8 —

324776 75-14 90256 131709 17049 244 258 449 751 0.2 0.4 524
9/13/76 75-14 90544 131784 17048 173 298 63.2 75.4 0.1 0.3 -
31877 75-14 90739 131838 17048 186 20.2 400 74.7 0.0 0.1 51.0
312476 76-14  B740.6 131112 17138 ~ — - — - — —
9/13/76 76-14 87667 131206 17136 173 277 587 704 02 -0.4 —
3NgrT 7614 87870 131273 17138 186 215 42.4 7ne 0.0 0.0 50.1
9/23/77 7614 BB149 131368 17133 189 254 57.% A 0.3 -05 —
ane7s  76-14  8831.2 131428 17133 178 17.3 8.0 70.0 0.1 -0.1 468
9/24/78 76-14 88580 131514 17130 180 283 54,6 721 -0.3 0.5 —
3128179 76-14 8876.4 131571 17132 185 19.2 ¢ 382 - 729 0.2 04 46.4
3728/78 79-14 87654 131122 17132 — — -~ e — - —
8/23/79 7914 87911 131211 17126 148 27.2 67.5 70.9 0.6 1.8 —
3/26/80 7¢9-14 B8i45 (31285 17127 216 248 4272 703 0.1 0.2 523
9/04/80 79-14 8841.0 131382 17123 1862 27.8 63.2 71.8 -0.4 08 -
3/22/89 7914 88625 131455 17125 199 228 19 71.2 0.2 0.4 51.3
6/22/81 79-14 8879.2 131505 17123 92 17.4 69.8 736 03 -1.0 -
9/10/8% 79-14 88840 131551 47119 80 15.5 71.4 726 0.3 -15 -
3/2%/82 79-14 89162 131618 17123 186 23.2 43,4 732 0.4 0.7 513
B/10/82 79-14 B947.4 131712 17124 169 3256 70.9 733 0.t 0.2 -
3125/82 82-14 87625 131823 17137 -— -— — —_ — - -
9/10/82 82-14 87932 131929 17139 163 328 70.6 70.9 0.2 0.4 —
4/21/83 82-14 88233 132033 17136 223 318 524 70.9 ~0.3 -0.5 60.1
2/08/83 8214 88503 132121 47131 140 28.4 746 718 0.5 13 -—
3/16/84 82-14 88783 132202 1713.0 180 273 527 728 0.1 0.2 61.8
4/05/85 8214 88416 132397 17123 220 681 - 734 0.8 13 64.7
4/21/83 83.14 87572 131717 17151 -— — - — — - -
9/08/83 83-14 87840 131808 17147 140 284 7458 712 - -— -—
3/96/84 83-14 88007 131893 17146 190 270 s2.1 719 <01 0.2 61.4
8/28/84 83-14 88437 131998 17139 165 35.6 793 726 0.7 -16 -
9/05/85 83-14 82076 132180 17127 373 66.4 - 74.2 ~1.1 - 85,2
3/16/84¢ 84-14 87623 131116 17131 - — - — — — —
8/28/84 8414 87966 131230 17123 165 362 80.7 71.6 -0.8 -18 -
4)05/85 84-94 88283 131331 17122 220 332 554 723 0.0 -0.1 66.0
9/05/85 84-14 BEGI2 131422 117111 153 34.1 81,9 74.6 ~1.1 28 -
4/04/96 84-14 88958 131847 17110 214 368 63.8 70.1 0.1 0.2 712
9/25/86 B4-i4 89335 131654 17101 174 3383 829 741 -0.9 -1.8 —
4)04/86  86-14 87763 131267 17157 - -— -~ ~— - - —
9/25/86 8614 88139 131392 17151 174 39.6 83.7 1.5 05 -1.1 —
3/20/87 BB-14 86422 131476 17149 176 296 61.7 736 -0.2 0.5 72.4
8/27/87 B6-14 88784 131608 17143 160 38.5 68.4 69.9 0.6 -13 -
4/21/88 BB-14 89119 131679 17142 238 343 52.8 78.0 0.2 03 66.8
8/27/87 87-14 88187 11785 17135 - - - - -— - -
4/21/88 87-t4 BB4B.O 131873 17140 238 33.2 511 76.5 0.4 0.7 —
4/45/89 87-t4 88053 132028 17135 358 59.4 e 749 -0.4 0.4 60.6
5/23/60 87-14 89654 132205 17128 403 62.7 - 8 0.7 0.7 56.9
5/23/90 UAQ0-14 B782.2 131262 17164 — — -~ — — — -
5/01/81 UABO-14 88305 131406 17155 343 50.4 -~ 73.4 0.6 -0.6 538
5/04/92 UAS0-14 8885.0 13157.3 17150 368 570 - 73.0 05 05 56.6
5/04/92 9214 87820 131505 17173 - — — - -~ - -
8/23/192 9214 88093 131578 17157 142 28.4 73.4 75.0 -3.4 35 -
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Table 9E. Ice velocity: 20 km site, Black Rapids Glacier

Seasonal Flow Verticai  Vedticat  Annual
Coordinate Period Displace- speed azimuth  displace- speed  speed
Date Stake X Y Z (days) ment(m)  (mfr)  (degrees) medt(m) (miyr)  (mir)

7/21/73 7320 14823.1 134053 1510.6 — —_ — — - —_ —
7/21M14  73-20 148712 134040 15119 365 481 -—- 915 13 1.3 43.3
7/21/74 7420 148712 134040 1508.9 — — — — — —_ —
30275 7420 148936 134051 1508.7 224 22.4 36.7 87.1 0.2 03 —
3/02/75 75-20 14855.4 134054 1503.2 - - - - —_ — -
8/25/75 75-20 148835 134040 15028 176 28.2 58.7 93.0 0.4 -08 .-
3/25/76  75-20 14901.8 13403.3 15036 213 18.3 31.6 92.1 0.8 1.3 43.7
9/13/76 75-20 149252 13402.8 1504.1 172 234 50.0 81.2 0.5 1.1 -—
31877 7520 149385 134027 15045 186 143 28.2 90.4 0.5 0.9 386
3/18177 77-20 14808.4 134072 1504.5 — — -— — — — _
9121177 77-20 148336 13408.6 1505.2 187 243 47.6 9t.4 07 13 0.0
3/18/78 77-20 14847.7 13408.3 15035 178 141 290 at.1 0.3 0.7 384
92378 77-20 148706 134059 15057 189 28 445 911 0.2 0.4 0.0
3/29779  77-20 14885.1 134058 1506.2 187 14.5 28.4 91 1 0.5 1.0 36.4
3/26/80 80-20 14779.0 134057 15025 - — — — - -— —
9/04/80 80-20 14801.7 134053 15031 162 2238 516 911 0.6 1.4 —
3/23/81 80-20 148189 134051 15038 200 17.2 316 90.6 0.6 1.2 40.4
6/22/81 80-20 148340 13405.2 15046 N 151 61.3 89.6 08 3.2 —
9/10/81 80-20 148452 134047 1504.4 80 112 51.8 92.2 -0.2 0.9 0.0
3723181 81-20 14776.7 13400.1 1503.1 — — —_ — - —_ -
6/22/81 81-20 14790.7 13401.1 1503.7 91 140 56.9 88.2 06 22 ——
3/10/81 81-20 148035 133999 1503.7 80 128 58.0 85.2 04 03 —
3/25/82 B1-20 148207 13389.2 15044 186 173 323 922 a3 0.7 398
210/82  81-20 148473 133988 15048 169 26.6 57.8 8D.9 0.7 16 -—
3/25/82 B2-20 147733 13401.2 1501.8 -— - — -— - - —
9/10/82  82-20 147893 134011 15025 169 26.0 56.5 80.2 0.7 1.5 —
4/21/83  82-20 148236 134009 15035 223 243 400 90.4 1.0 16 47.0
9/08/83  82-20 14848.8 134003 1S03.8 140 25.0 655 918 0.4 09 -—
3/49/84  82-20 14868.5 134000 15048 193 198 378 508 1.0 2.0 493
4/24/83 8320 148054 134058 1501.0 — —_ — — — — —
$/08/83  83-20 14829.7 134058 1501.4 140 243 63.8 90,4 0.4 1.0 -—
3/19/84  83-20 148498 134053 1502.4 193 20.2 38.3 93.0 10 1.9 439
3/19/84  84-20 147844 134006 (5003 - - -— — —~ — -
8/28/84  84-20 14814.0 134003 15013 162 289 6§7.8 90.6 1.0 2.2 —_
4/05/85  84-20 148390 133989 15022 220 251 41.8 NI 10 1.6 52.6
8/11/85  84-20 14869.5 133992 15033 159 05 70.4 81 .4 11 2.5 —
4/02/86 B84-20 148945 133983 15050 203 251 454 83.9 1.7 3.0 56.2
9/25/86 8420 149304 133980 15057 176 356 742 905 0.7 1.5 —-
4/02/86 88-20 148222 134025 1503.1 — - — -— - — —
9/25/86 86-20 148582 134025 15038 176 38.0 75.0 90.0 0.7 1.5 -—
3/18/87 86-20 148805 134026 1505.2 174 23 471 B9.6 1.4 3.0 609
8/27/87 86-20 149145 134044 15059 162 34.1 773 92,0 07 1.7 —
3/18/87 87-20 147868 133944 1507.0 - ~-- — - —- -— —
8/27/87 87-20 148208 133934 15079 162 339 77.0 21,7 09 2.0 —
4/16/88 87-20 14B48.4 13393,0 15090 233 273 43.0 91.0 1.1 1.8 56.8
4/45/89  87-20 14800.8 133921 15100 364 527 - 91.0 1.0 1.0 53.0
5126/90 UAQ0-20 14785.4 134142 1504.6 — - - - —-— —_ —
5/01/9t UAS0-20 148300 134137 15054 340 44.7 — 80,7 08 0.9 48.1
5/05/02 UAOD-20 148796 134133 1507.2 370 49,7 — 90.5 1.8 1.8 481
8/23/92 UAS0-20 148053 13413.2 15074 141 28,7 66.9 90.2 0.2 0.8 -
§/05/82  92-20 14786.9 13406.4 1504.0 —_ — — - - —_ —
Dj23/92 92-20 148135 134071 15043 141 26.7 69.5 88,4 0.3 0.8 —
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Table 9F. ice velocity: 26 km site, Black Rapids Glacier

Seasonal Flow  Verlical Vertical Annual
Coordingte Period ODisplace- speed azimuth displace- speed  speed
Date Stake X Y 2 (days) ment(m) (miyr) (degrees) ment{m) (mir)  (mAr)
721774 7426 206443 122266 13457 -— -— -— - - — —
3/0375 7426 206702 122213 13449 225 26.5 431 101.5 0.8 12 —
3/03/75 7526 20847.4 122455 13358 — — — — — - —
3/26/7¢  75-26 208908 122392 13365 ass 438 -— 98.4 0.9 09 41.2
9/13/76 7526 207126 122347 13385 171 223 47.9 101.6 0.0 -0.1 -—
3146/77 75286 207289 122323 13374 184 16.5 328 98.5 0.6 1.2 359
ane/77  77-26 207014 122062 13327 — - — - — — -
9/20/77 77-26 207252 122028 13329 188 243 47.5 98.1 0.2 0.4 —
3/19/78 77-26 207406 12200.0 13335 180 157 321 100.4 0.6 i.3 39.8
3/19/78 78-26 206247 122500 13353 -— - - — -- — —
8/23/78 76-26 20648.4 122461 13356 188 240 458 843 0.2 c4 -
3/28/79 78-28 206656 12243.7 13364 186 174 34.2 88.0 0.8 1.6 405
3/28/79 79-26 206538 122283 13325 -~ -— - -— - - -
8/23/79 79-26 208770 122218 13326 148 235 58.3 a8 6 0.1 0.2 -
3/26/80 79-26 206977 122184 13330 216 21.0 356 99.1 05 0.8 447
3/26/80 B80-26 20660.7 122242 132089 - - — — - - -—
9/04/80 80-28 206815 122208 13303 162 271 47.9 99.1 0.4 09 -—
3124181 8026 206998 122180 133t 201 185 33.7 987 0.8 1.5 392
6/22/81 80-28 207127 122158 13316 90 13.1 53.8 89.4 05S 1.8 —
3/24/89 81-26 206404 122266 13282 -— -— -— -— - -
6/22/81  81-26 20653.4 122247 13287 90 139 538 98.4 0.5 2.0 -
0/22/81 81-26 206655 122231 132898 92 12.2 48.8 97.6 0.2 0.8 —-
3/22/82 B1-26 208B1.7 12220.2 132948 181 16.5 335 100.1 06 1.3 422
32282 B2-26 206707 122082 13237 — — - - - - -—
9/10/82 B2-286 206942 12201.5 13242 172 240 512 101.3 0.5 1.2 -
4/20/83 82-26 207157 12197.8 1325.1 222 21.9 36.1 99.8 0.8 1.4 426
4/20/83 83-26 20658.2 1221320 13244 — - — — — -— —
9/08/83 83-26 20679.0 (22088 13243 141 21.2 553 1018 -0.1 -0.3 -
3N9/B4 8326 206972 122089 13256 199 i85 351 98.5 13 24 4335
319/84 8426 20657.2 122109 1319.7 — — —_ — - -— —
8/28/84 84-26 206810 122068 13204 162 242 548 99.9 0.7 1.5 —
4/05/85 8426 207030 122036 1321.6 220 222 371 98.4 1.2 20 445
9/05/85 8426 207271 121991 13220 153 245 589 100.7 0.5 1.1 —-
4/09/88 B84-26 20748.8 121967 13229 216 220 373 98.9 0.9 1.4 46.1
4/05/85 85-26 206803 122136 13165 - — — — -— - -
9/05/85 85-28 206836 122100 1317.2 153 235 56.5 98.8 07 1.8 -—
4/09/86 85-26 207055 12206.7 13184 218 222 377 988 0.9 16 454
10/07/86 85-26 207337 122008 13187 161 28.8 58.5 101.8 1.6 33 -—
3/19/87 85-26 207510 121897 13204 163 17.4 391 93.5 0.7 1.8 491

72 Observationa of the Surge-Type Black Rapida Glacier, Alaska, During a Qulescent Perlod, 1970-82



Table 9G. Ice velocity: 32 km site, Black Rapids Glacier

Seasonal Flow Vertical  Vertical  Annual
Coordinate Period Displace- speed azimuth  displace- speed  speed
Date Stake X Y Z (days) ment (m) (mayr) (degrees) ment(m) (mfyr)  (miyr)
712373 73-32-B 264185 108797 11412 — — — —_ —_ - —
3/31/74 73-32-8 264274 108777 11413 251 82 134 -12.7 0.2 0.2 ~—-
3/31/74 74-32-B 26427.4 108777 11383 —~ - - — -— -— —
721774 74-32-B 26433.4 108765 11404 $12 6.4 212 =111 24 6.9 187
304/75 75-832.5 285386 108749 11290 - — —~ -— —_ — —_
8/2575 75-32.5 265469 108734 11300 174 85 17.8 -10.4 1.0 2.0 —_
3/26/76 75-32.5 265534 108713 11316 214 71 121 -17.8 1.6 2.8 14.6
32676 76-32 265353 108676 1127.4 — - — -— - - —
913778 76.32 265430 108680 11279 171 7.8 16.8 -12.2 05 1.0 —
311477 76-32 265482 108644 11289 182 5.5 111 -17.2 09 1.8 3.8
311477 T7-32 265215 108324 11267 - - o —_ - —~ -
9077 T7:32 265303 108305 11274 180 a0 17.4 12.2 0.4 0.8 —
3/23/78 77.32 265357 108292 11288 184 5.8 11.6 -13.6 V.7 33 144
3/23/78 78.32 265123 108347 11228 - —_ w— —_ — —_
8/22/78 7832 265201 108338 11239 183 79 158 6.7 1.1 2.2 —
320/79 7832 265255 108329 11249 188 56 10.9 -85 1.0 20 133
3/29/80 80-32 265203 108367 1115.1 — - o e -
9/04/80 8032 265373 108352 11159 159 8.2 18.9 -10.7 0.8 1.8 —
3/24/81 80-32 265452 108338 11171 201 8.1 148 -10.4 1.2 2.1 6.6
324/81 81-32 265279 108342 11138 “e= — —_— — -— — —
a/14/81 81-32 265353 10831.7 11150 174 7.9 16.6 -18.4 1.3 26 —_
3/22/82 81-32 265418 108296 111641 189 7.0 13.5 -18.0 1.1 22 15.0
3/22/82 8232 265249 108304 1110.2 ~— — - -— — — -
9/11/82  82-32 265337 108289 11112 173 8.8 19.0 87 1.0 2.1 0.0
4/20/83 82-32 265419 108266 1113.1 221 87 145 -15.7 1.8 3.0 16.3
4/20/83  83-32 265250 10831.2 11085 - — ~— — — — —_
9/08/83 83-32 265315 108283 11085 141 71 18.6 242 08 24 .
3/1&/84 83-32 265381 108272 11107 192 68 131 -84 1.3 25 15.2
3/18/84 84-32 265152 10836.7 1101.1 - — — —_ — o —--
8/28/84 84-32 265234 108320 11021 163 8.4 21.2 -285 0.2 21 —
4/05/85 84-32 26531.4 10829¢ 11038 220 84 14.0 -149 15 24 16.8
9/05/85 84-32 265406 108270 11051 153 9.8 238 -176 1.5 3.7 —
4/05/85 85-32 265276 10840.4 11023 v— — . — — e —-
9/05/85 85-32 265352 108376 11039 153 8.3 20.0 ~20.1 1.7 4.0 —
4/09/86  885.32 265436 108363 11048 218 8.6 145 8.7 08 1.5 16.6
4/09/86 86-32 265268 108363 110341 -~ — — — anm — —
10/07/86 B86-32 265372 108327 11048 181 111 225 -19.2 1.7 35 -
3/19/87 86-32 265429 108306 1106.0 163 6.2 14.0 -20.2 12 27 18.4
3/19/87 8732 265330 10837.4 10995 v — — — — w— -
B/27/87 87-32 265415 108342 11008 161 9.2 20.9 -20.9 1.2 2.8 —
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Table 9H. Ice velocity: 38 km site, Black Rapids Glacier

Seasonal Flow Vertical  Vertical Annual

- -——2~8oordinate Period Displace- speed azimuth  disptace- speed  speed
Date Stake X Y Z (days)  ment (m) {miyr) (degrees) ment(m) (mir)  (mAir)
3/06/75 75-388 325457 112050 9426 — — -— — - “— —
8/26/78 75388 325497 112070 9434 173 46 9.7 63.9 0S8 i.8 -
3/28/76 75-38.8 325537 112090 3442 213 45 7.7 63.1 08 1.3 8.6
31477 77-38 324856 112556 9384 —— - - — — — _
9/20/77 7738 325006 1125886 9384 190 58 114 591 0.0 0.0 —
3/20/79 79-383 32560.2 112484 9238 —m —- — — _— w— —
8/23/79 79-383 32563.4 112504 9245 147 38 95 579 0.6 1.6 —
3/29/80 79-383 325674 112526 9255 219 47 7.8 61.4 1.0 1.6 8.5
3/29/80 80-38 325503 112322 9168 - -— - — — — —
9/04/80 80-38 325554 11234y 9177 159 5.4 t2.5 69.6 038 - -—
3/24/81 80-38 3265587 112355 9185 2014 7 6.7 873 08 — 83
324781 81-38.3 325457 112258 8128 - -— — — - o~ —
9/14/81 831-38.3 325512 112284 91385 174 62 13.0 6845 0.9 20 —_—
3/22/82 81-383 325544 112287 9143 189 36 7.0 875 08 1.5 9.8
3/22/82 82-38 325470 112200 907.2 = — - — — — -—
9/11/82 8238 325512 112317 9080 173 50 10.6 56.9 08 = -
4/20/83 $£2-38 3255856 112335 909.4 221 50 83 687.7 1.4 e 9.2
4/20/83 83-383 32547.0 112271 903.3 - -— -— — — .- —
9/08/83 83-38.3 325498 112209 9042 144 40 10.5 452 08 2.1 —
3/18/84 83-38.3 325543 1123186 9050 192 49 9.3 89.1 09 1.7 95
3/18/84 8438 325473 112393 8944 — — — -— -— - —
B/29/84 84-38 325529 112408 8951 184 58 131 75.2 08 — —
9/05/85 §4-38 32561.4 112441 896.9 372 83 82 69.0 18 s 9.2
4/06/86 8438 32565.1 112456 8980 213 42 7.2 87.6 1.0 — —
9/05/85 85-38 325509 112344 8948 - —_ — - — - —_
4/06/88 §9-38 325549 112358 8957 213 44 786 708 1.0 1.8 —-
4/06/86 86-38.3 32552.¢ 112302 8911 - — o~ - -— — —
3/19/87 86-38.3 325597 11233.1 892.9 347 84 8.8 69.4 1.8 1.8 89
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Table 91. lce velocity: L-19 km site, Loket Tributary of the Black Rapids Glacier

Seasonal Flow Verical Verfical Annua
Coordinate Pertod Displace- speed axmuth  displace- speed  speed
Date Stake X Y Z (days)  ment (m) (m/yr) (degrees) ment(m) (mAr)  (mir)
3/28/80 80-L19 163482 76739 1651.6 - —_ “— poss — —
9/04/80 B0-L19 163525 7714.7 1650.2 160 41.1 94.3 6.1 -t5 3.4 —_
3/23/8% 80-L19 16358.4 7760.0 16484 200 487 838 7.4 -1.7 32 88.2
gr2y81 80-L19 16366.4 780B.S5 1645S 183 493 989 9.4 3.0 5.8 —
9/10/82 80-L19 163790 78920 1641.4 383 84.5 o 126 ~4.1 43 877
3/23/8t 81-L19 163114 76264 1653.9 — — - — — —
92281 81-L19 163176 7673.0 1652.1 183 47.0 4.2 76 -1.8 35 -~
3/23/82 81-L19 163220 77143 1651.1 182 38.6 779 6.5 -1.0 -2.0 858
9/10/82 B8t1-L19 163276 77545 1649.1 171 43.6 937 7.4 -1.9 4.2 -
4/22/83 81-L19 163348 78035 1647.2 224 495 81.14 8.3 =20 32 883
3/23/82 82-119 163938 76576 1650.3 - - -~ - -— - —
9/10/82 82-L19 163976 77008 1648.6 171 43.4 932 85.1 1.7 -36 —
4/22/83 82-L19 164028 7751.0 1646.8 224 50.5 82.6 84.1 -4.7 -2.8 87.0
9/09/83 82-L18 16407.8 77867 16448 140 36.1 4.9 81.8 2.0 5.2 -
3/47/84 82-L19 164139 78350 16424 190 487 941 82.9 28 ~4.8 94.4
3/17/84 B84-L19 164061 T7666.7 1648.6 — — —~ ~— —_ —_ —
8/26/84 B84-L19 164003 77123 16464 164 458 1025 4.1 -22 4.9 —
405/85 84-L19 164153 77656 16442 220 53.7 805 6.4 -2.2 3.7 947
o/05/85 84119 164212 78070 16420 153 419 | 100.7 8.1 22 5.3 —
4/02/86 B4-L19 16430.0 78592 1639.6 208 529 92.9 9.6 24 4.1 958
9/25/88 84-L19 164382 79005 1636.5 176 51.0 106.4 9.2 32 £.6 —
4/02/86 B86-L19 164027 76049 1650.1 e -— a - -— - —
9/25/86 86-L19 184058 76538 16478 176 49.0 1023 38 -22 4.6 -
3/20/87 86119 164084 78982 1646.7 176 44 5 92,7 a5 -1.2 2.4 97.2
4/20/88 86-L19 164208 78046 1642.4 397 107.2 - 8.6 -43 3.9 98.8
4/22/89 86-L19 164361 79035 1637.0 367 100.2 - 8.8 -5.4 5.4 99.9
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Table 9J. Ice velocity: L-22 km site, Loket Tributary of the Black Rapids Glacier

Sessonal Flow Vedical  Vedtical  Annual
Coordinale Period Displace-  speed azimuth  displace- speed  spesd
Date  Stake X Y Z (days) ment(m) (mAyr) (degrees) ment(m) (miyr) (mAw)
3118777 77123 174470 107983 1481.0 - ~— - as — - —_
321778 77-L23 174750 10BB2.4 14778 368 88.7 - 18.4 <39 341 88.2
3/21/78 78-L22 173757 105569 14850 — -— — - - - —
3r30/7¢ 78122 173953 106849.6 1491.4 374 948 - 120 -3.5 3.4 828
3/28/80 80-L22 173951 104627 14973 — - —x — — — —
o/04/80 80-L22 174028 10497.1 14959 160 451 103.6 10.0 -24 -4.8 —
3/23/87 80-122 174108 105447 14937 200 48.4 887 9.5 1.4 2.6 85.0
6/22/81 80-L22 174168 10571.9 14229 N 278 127 122 -0.8 3.4 -
9/22/84 80-L22 174218 105966 14909 92 253 10t.6 1s «2.0 -8.0 -
3/23/81 81122 173855 104435 1498.% — -~ - o~ — - —
6/22/81 81-122 173900 104716 14873 &1 28.4 1153 9.3 08 33 -
9/22/81 81-(22 173945 104974 14854 92 260 104.3 99 -1.9 -76 —-
3/23/82 81-122 174015 105357 14943 182 393 792 0.3 1.4 2.2 939
3/23/82 82122 173384 104065 14884 — - -~ — — —
9/10/82 B2-122 {73458 104542 14965 171 48 % 103.4 7.8 1.8 4.1 —
4/22/83 82-122 173548 10504.9 14949 224 815 843 10.0 1.7 27 92.3
4/22/83 83-L22 173627 10440.8 §495.7 - — — - e - -
9/08/83 83-L22 {73676 104614 14938 139 41.1 108.7 6.8 -1.9 5.1 —
3/17/34 83122 173756 10529.6 14925 181 488 838 9.5 -1.3 -2.5 898
8/28/84 8322 173849 105768 14905 164 48 1 107.8 1.9 2.0 4.5 -
4/05/85 83-L22 17394.7 10633.2 14886 220 §7.3 955 99 ~1.9 3.2 100.5
8M11/85 83122 174060 10879.0 14863 159 473 108.2 13.8 -2.2 -5.2 —
4/05/85 85122 173817 104573 14854 — — — -— —- e —-
6/11/85 85122 173883 105043 14933 59 47.7 110.3 9.2 2.2 -5.0 -
4/02/86 B5-L22 174087 105555 14916 203 520 94.0 10.5 1.6 2.9 100.9
10/07/86 85122 174195 1068121 14889 188 57.7 1127 10.8 2.7 -5.3 --
3/20/87 85-122 174202 106534 1488.0 164 424 949 13.2 -0.9 -2.0 1041
3/20/87 87-L22 173834 104541 14980 - ~ — - - “e- —
4/14/88 B7-422 174034 10567.0 149372 391 1148 — 10.0 -4.8 -4.5 107.4
4/22/83 8722 174248 106723 14880 373 1076 -— 1.5 5.2 51 105.6
4/20/90 874722 174542 107729 14804 363 105.1 s 16.3 -76 -7.6 106.0
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Table 10. Additional velocity measurements, Black Rapids Glacier

(Veloclty measurements made ove; periods of time substantially different from the usual spring and fall observation cycle are

reported betow. Additionally, measurements made &t sites other than the 10 index sites are reported below. The coordinates for
the basa of the stake (X, Y, and Z) are reported in the local coordinate system (see "Coordinate Systems” section).
Displacement s the Jength of the three-dimensional vector representing the net displacement of the base of the stake between
the measurement dates. Speed Is the speed measured between consecutive observations. Flow azimuth is measured relative
to the positive y-axis (north) in the local coordinate system, positive clockwise Vertical displacement and speed are raported

separately. (Vertical dispiacement is included in the displacement and seasona) speed.) m, meters, m/yr, meters per year;, —,

no data)
" Flow Vertical  Verical
Coordinate Period  Disptace- Speed  azimuth displace- speed
Date Stake X Y Z (days)  ment{m) (m/yr) (degrees) ment (m)  (m/yr)
Stakes at Index sites surveyed at imes of the year othaer than the usual spring/fall monitoring trips.
372281 78-8 90524 81983.0 18817 B — — - —- -
6/22/81 78-8 90451 8217.2 18816 92 252 101.3 106.9 01 -0.6
9/10/81 78-8 90406 82322 18810 80 157 724 106.8 -0.6 -2.8
3122/81 81-8 9082.6 8083.3 18870 — — — — — —_
6/22/81 81-8 9078.2 8107.2 1886.4 92 147 58.8 107.7 -06 -2.4
9/10/81 81-8 90739 B119.68 18859 80 132 608 109.0 05 2.4
3/22/81 79-14 88625 131455 17125 - — — - -— -
6/22/81 79-14 8879.2 131505 17123 02 174 69.8 196.4 03 4.0
9/10/81 79-14 8894.0 131551 1711.8 80 155 71.4 197.4 03 -1.5
3/23/81 80-20 14818.9 134051 1503.8 - — -— — — —_
8/22/81 80-20 148340 124052 1504.6 1 15.1 61.3 180.4 0.8 3.2
9/10/81 80-20 148452 13404.7 1504.4 80 11.2 518 177.8 02 0.9
3/23/81 81-20 14776.7 134001 1503.1 -— — — — — -
6/22/81 81-20 14790.7 134011 15037 91 14.0 56.8 183.8 0.6 22
9/10/81 81-20 14803.5 133999 1503.7 80 12.8 58.0 174.8 0.1 0.3
3/24i81 81-26 20640.4 122266 13282 — - — — - —_—
&/22/81 81-26 20653.4 122247 13287 90 131 53.8 174.6 0.5 20
9/22/81 81-26 20665.5 122231 13289 92 12.2 48.8 172.4 0.2 08
3/r24/81 80-28 20699.8 12218.0 13311 . — — — — —
6/22/81 80-26 207127 122159 13316 20 131 53.8 170.6 05 1.8
3723/81 80-L22 174109 105447 14937 ~- -— —_ - — —
6/22/81 80-L22 17416.8 10571.9 14929 91 278 1127 257.8 0.8 34
9/22/81 80-L22 174218 10596.6 14809 92 253 101.8 258.5 20 8.0
3/23/81 81-L22 173855 104435 14981 — - — - — —
6/22/81 81-L22 17380.0 104716 14973 91 284 1153 260.7 -0.8 33
9/22/81 81-L22 173945 104871 14954 92 260 1043 260.1 -1.9 -7.6
4/19/90 UASO-8 2080.8 8063.9 18923 — - — — —— —_
7/15/90 UASC-8 8077.5 8077.86 18928 87 14.3 605 103.5 04 1.8
5/04/92 UAS0-8 90515 81626 18875 — -~ — — —
7102/82 UAS0-8 80473 81736 18872 39 1.8 740 1143 0.4 23
9/23/92 UAS0-8 20446 81854 188686 83 121 539 102.8 0.6 -2.6
5/25/90 290-14 8782.2 131262 1716.1 — -~ - - -
7114190 90-14 87946 131296 17156 50 12.8 96.3 15.2 04 33
5/04/92 92-14 8782.0 131505 17171 — — — — — o
7/02/92 92-14 87985 131545 1717.4 59 15.1 849 15.5 03 1.6
9/23/92 92-14 88093 131578 1715.8 83 133 59.4 143 -1.6 -7.2
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Table 10. Additional velocity measurements, Black Rapids Glacier —continued

Flow Vertical  Vertlcal

Coordingate Period Displace- Speed azimuth displace- speed

Dale Stake X Y Z (days) ment (m)  (m/yr)  (degrees) ment(m) (mAr)

Stakes surveyed at locations other than Index sites.

712273 73-6 102031 62169 19628 — - - — — —_
3/27/74 73-6 101849 62413 19614 248 30.4 449 126.7 -13 -2.0
7/21774 73-6 101749 62545 1960.4 116 16.6 527 127.2 -1.0 3.2
2/28/75 73-86 101585 62733 19602 222 24.4 40.2 129.3 0.2 -03
3/24776 73-6 10131.9 6311.4 19588 390 47.0 444 125.9 04 0.4
2/28/75 75-6 10186.7 62275 1961.7 — —_ — — — —_
3124176 75-6 10159.2 62655 1961.2 380 459 44.0 125.8 -0.5 0.5
72273 73-10 8069.0 ©9669.4 18458 - - — — -— —_
7121774 73-10 80371 97296 18428 364 68.2 68.5 117.9 -30 -3.0
3/01/75 73-10 8021.7 9760.4 1841.0 223 344 56.6 116.7 -1.8 -28
3/24/76 7310 79904 98199 18404 389 67.3 63.3 117.7 -0.6 -0.6
7722473 73-12 74672 116471 17697 —_ —_ — - -— —
121774 73-12 74774 117180 1768.0 364 71.6 720 81.8 -1.7 1.7
3/01/75 75-12 7767.7 114467 17763 - -— —_ -~ — —
3/24/76 75-12 77731 115175 17747 389 710 66.8 85.6 -1.6 -1.6
3/19177 75-12 77711 115468 17724 360 29.5 30.0 - 86.0 -2.3 23
7122/73 73-16 107704 131621 16558 — — — -— - —
7/20/74 73-16 10824,3 13168.2 16518 363 544 549 8.5 -4.0 40
227175 73-16 10851.5 131688 16502 222 272 44.9 1.1 -1.7 2.7
2427778 75-1% 107761 131627 1653.7 — — — - — —
3/25/78 75-18 10828 4 13166.8 1651.9 392 525 450 45 -18 17
77273 73-18 12930.5 13205.1 16919 — —_ —_ — - —
7120174 73-18 12983.7 13213.4 1588.0 363 54.0 S4.4 9.0 39 38
227175 73-18 13011.0 132182 15862 222 27.9 460 99 -1.9 -3.1
221175 75-18 12970.2 13213.4 15881 - — - am — —
3725176 75-18 13020.3 132216 15856 392 50.8 47.4 9.3 -2.5 -23
7121173 73-22 167637 131881 14474 - —_ —_ - —_ -—
721174 74-22 167919 131815 14456 365 28.0 28.1 - 1322 -1.8 -1.8
3/02/75 7422 16807.4 13176.5 14448 224 16.3 26.7 - 17.9 0.9 -1.5
3/02/75 7522 16763.1 131738 14461 - —_ —_— — —_ —
3/24/76 75-22 16789.4 131721 14455 388 26.4 249 - 37 -0.6 -0.6
7121173 73-28 224586 118740 12789 - — — — — —
7720174 73-28 224937 118634 12762 364 367 369 - 189 -2.8 -28
3/03/75 75-28 22659.0 11584.5 12671 s — — -~ - -
3725176 75-28 226836 115749 1265.4 388 321 303 - 175 -4.7 -16
7124173 73-30 247105 111718 1204.2 —_ - — o~ - -—
7120774 73-30 247369 111700 12022 364 26.5 266 - 3.8 -1.9 -1.9
3/04/75 73-30 247476 111709 12013 227 108 175 44 -1.0 -16
3/04775 75-30 247208 1117714 120241 — — -- — — -
3/26/76 75-30 247456 111763 11898 388 24.9 235 - 07 2.3 2.2

712273 7334 28853.0 104737 1083.0
72074 7334 28866.0 10475.1 1081 1
3/04/75 75-34 26840.1 104858 10793
3/26/76 75-34 28854.6 104870 1076.8
7121173 73-36 30596.8 102659 1035.7

3;; 1_3.2 13.3 6.1 -1.8 -1.8

368
72074 7336 30606.8 102701 1034.4 3;4 1.0 1.1 224 -1.3 -1.3

229

357

14.8 14.0 47 -2.5 -2.4

3/06/75 73-36 30613.7 102889 1033.22 69 1.1 - 54 -12 -1.9
3/06/75 75-38 305526 10267.4 1033.15

2/26/76 75-36 30562.3 10268.1 10319 9.8 10.0 4.2 -1.3 -1.3
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Table 11. Longitudinal velocity profile, Black Rapids Glacier, July 1973 to July 1974

{Speeds are plotted in figure 7. The coordinates for the base of the stake (X, Y, and Z) are reported in the local coordinate
system (see "Coordlnate Systems” section). Displacement is the (ength of the three-dimensional vector representing the net
displacement of the basa of the stake between the measurement dates, Speed is the speed measured betwaen consecutive
observations. Flow azimuth is measured relative to the positive y-axis (naorth) in the local coordinate system, positive clackwise.
Vertical displacement and speed are repontad separately. (Vertical displacement is included in the displacement and seasonal
speed.) m, meters; m/yr, meters per year; ~-, no dataj

Fiow Vertical  Vertical
Coordinate Period  Displace- Speed  azimuth disptace-  speed
Date Stake X Y 2 (days) _ment(m) (mvyr) (degrees) ment(m) (mkr)

7124173 734 113525 47794 2024.2

7122174 73-4 113113 483741 20143 363 715 721 3245 ~10.0 -10.0
7/22/73 73-6 102031 62189 19628

21074 73-6 101748 62545 1860.4 364 470 47.3 3231 2.3 24
7/45773 738 91267 77945  1895.1

7/22/74 73-8 o111.9 78451 1893.7 arz 527 51.8 343.7 -1.4 -1.4
7122/73 73-10 8069.0 86684 18458

7121174 73-10 8037.1 9729.6 1842.8 384 68.2 88.5 3321 -3.0 3.0
7122073 7312 7467.2 116471 17687

7/21/74 73-12 74774 117180 1768.0 364 71.6 720 8.2 -17 4.7
7/2373 7314 89338 131506 17107

7274 73-14 80893 131664 17095 354 577 59.6 74.1 -1.2 -1.2
2/22/73 73-t6  10770.4 131621 16558

7/20/74 73-16 108243 131682 1651.8 363 S4.4 549 835 4.0 4.0
7/22/73 73-18 129305 132051 18919

7/20/74 7318  12983.7 132134 15880 363 54.0 54.4 81.0 38 38
7/21/73 73-20 148231 134053 15108

7121174 73-20 148712 134040 15119 365 481 483 915 13 13
2173 73-22 167637 131881 14474

7721774 74-22 16791.9 1318158 14456 365 280 29.4 103.2 -1.8 -1.8
7/21/73 73.26 205979 122233 13478

7121774 74-26 206443 122266 13457 365 46.9 47.0 88.2 -2.1 2.4
720773 73-28 224586 118740 12789

7/20{74 73-28 224937 118634 12762 364 36.7 369 106.9 2.8 248
7/121/73 73-30 247105 111718 12042

7120174 73-30 247369 111700 42022 364 28.5 206 93.8 -1.9 1.9
712373 73-32-B 264185 108787 11412

3/31/74 73-32-B 284274 10877.7 11413 251 92 134 102.7 02 0.2
/3174 74-32-8 26427.4 10877.7 11383

724/74  74-32-8 264334 108765 11404 112 6.4 21.2 101.1 2.1 69
7/22/73 7334 28853,0 104737 1083.0

7/20/74 73-34 288660 104751  1081.1 363 13.2 13.3 83.9 1.8 -1.8
7/24/73 73-36 305988 102658 10357

7120774 73-36 30606.9 10270.9 1034, 4 364 11.0 114 67.8 ~1.3 13
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Table 12. Velocity cross-profiles, Black Rapids Glacier

[Velocity measurements across the witth of the glacier are reported below. Velocities are plotted in figure 8. The coordinates (X. Y,
and Z) ate reported in the local coordinate system (see “Coordinate Systems” section). Displacemnent is the length of the three-
dimensional vactor representing the motion of the base of the stake between the measurement dates. Flow azimuth Is measured
retative to the poslitive x-axis in the local coordinate system. Vertical displacement and speed are reported s¢parately. (They are
included in the displacement and seasonal speed.) See the note attached to each profile for special consideretions. m, meters; miyr,

meters pef yeer)
Flow Vertical Vertical
Coordinate Perlod Displace- Speed azimuth displace- speed
Date Stake X Y Z (days) ment (M) (myr) (degress)  mant (m)  (mjyr)

Willsear (15 km) velocity cross-profife
Note: The markers for this profite were surface riding tetrahedrons. Only the horzontal velocitlies are reported for this site.

5/23/90 ss 94585 122176
714130 9467.6 122200 52 93 66.8 14.8
5423190 $3 94718  12753.8
7114190 04843 127558 52 126 803 8.9
5/23/90 S2 94883 130289 T mmm——n———— "
714150 9501.4  13028.7 59 133 95.0 7.8
£/23/90 X 95042 13284.4
7114190 9517.7 13266.2 52 13.6 97.4 75
§23/80  WE  9531.4 13584.8 )
7/14/90 95431  13586.2 52 11.8 84.3 6.8
5/23/90 N1 95326  13820.8
7M4/90 9540.1 13821.8 52 76 54.6 75
5/23/90 N2 95350  13996.7
714/30 95387 139973 52 37 267 9.0
5/23/90 N3 85359  14164.4
7/14/30 05367 141848 52 0.9 6.3 240 .
20 km vedocity cross-profile

Note: The markers (or this profile were stakes drilled into the ice. The tops were surveyed, and the velocity for the top of the stake is
reported with no corrections made for stake lean.

42487 N3 149109 141180 1521.4
4/17/88 14956.7 14117.3 15218 359 45.8 46.7 0.9 0.4 0.4
42487 N2 148962 137801 1511.4
41788 149510 137794 15099 389 548 55.8 08 4.5 -1.8
A48T NTTT148742 136088 1511.9
4/17/88 14931.1 136086 15125 359 56.8 57.9 02 07 07
424/8786-20 148838 134014  1511.8
417/88 149387 134004 15138 389 55.0 56.1 -1.1 20 20
42487 ST 148863 131308 1517.7
417/88 149234 131303 15189 359 57.2 58.9 05 1.2 12
42487 S2 148621 129256 15169

417588 14909.4 129236 15183 359 47.3 48.2 25 13 1.4
42487 S 148538  12769.0 15147
4/17/88 14803.8 127662 1518 359 401 408 4.1 3.4 35
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Table 12. Velocity cross-profiles: Black Rapids Glacier, --continued

Flow Vertical Vertical
Coorginate Perlod  Displace- Speed azimuth displace- spaed
Date Stake X Y Z (days) ment (m) (m/yr) (degrees)  ment(m)  (miyr)

24.0 km velocity cross-profile

Note: The markers (or this profile were stakes drilled into the ice. The tops were surveyed, and {he velocity for the top of the staka is
reported with no corrections made for stake lean.

300375 75-24.0-1 187122 13419.7 14027
_3/25(78 18721.7 134195 14010 388 9.7 9.1 4.2 1.8 AT
303775 75-24.0-2 18638.9 131288 14006

3/25/76 186543 131285 14000 3B 15.4 145 42 0.6 05
2003778 75.54.0-3 18556.6 120186 14035

3(25/76 185753 129190 14024 388 18.7 17.6 13 A1 1.1
30378 75-24.0-4 183600 124497 14072

3125176 184203 124651 14061 388 432 40.7 21.0 12 .9
30375 752405 18131.8 117791 1441.3

3/25/76 18184.1 118196 1437.2 388 66.3 625 378 41 3.9
303775 75-24.0-6 17896.4 11166.7 14608

3/25/76 179450 112194 14578 388718 677 47.4 -3.0 28
32 km velocity cross-profile

Note: The markers for this profile were stakes drilled into the ice. The tops were surveyed, and the velocity for the top of the stake is
reported with no corrections made for stake leen.

7/122/73 73-32.0-1 26487.3 116633 11622
712074 264951 116601  11860.2 363 8.6 8.7 -22.3 20 2.0
7/22/73 73-32.0-2 264328 111815 11835

7/20/74 264482 111776 11619 363 159 16.1 140 45 16
7122773 73320 263925 108690 11462

7120174 264003 108647 11438 363 715 17.6 142 23 23
712273 73-320-4 263116 103783 11489
7/20/74 263250 103754 11459 363 14,0 14.1 -12.0 3.0 B3
712273 73-32.0-5 26259.6 100232 1174.0 o ommmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
7/20/74 262643 100240 1167.2 363 6.1 62 9.0 -38 3.8
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Table 13. Range-line speed measurements, Black
Rapids Glacier

[in the early days of the Black Rapids Glacier project, [ce velocities were
measured by visually lining up pairs of markers fixed to the rock adjacent to
the glacier. (See "Renge-Line Speed Measurements” sectlon in the text for the
full description of technigues.) The locations of these “range-ine" motion
observation sites are indicated stake name. For example, stake 73-8 was near
the 8 km site. Perlod Is the number of days between obsarvations.
Displacement Is the distance tha marker moved betwean observations. Speed
(s calcutated over the period of abservation. Abbreviations: m, meters; mfyr,
meters per year]

Pariod Displace- Speed
Date Stake (days) ment (m) (méyr)
10/27/73 738 ingtalled ~- —
3/30/74 738 164 226 $39
712274 72-8/74-8 114 10.6 34.2
______ 2/28(75 748 22 3t5 52.3
7r25/73 73-14 installed - -
10/25/73 73-14 92 138 548
3/30/74 7314 156 18.6 43.8
7/21774 73-14 113 2.6 73,7
8118/ 7219 instalied —- -
8/03/72 72-19/73-19 kY 59.5 62.1
10/19/72 7319 77 9.0 4.2
4/02/73 73-19 165 19.4 432
52273 7318 50 6.7 499
7M19/73 L1319 S8 17.5 1124
8/18/71 72-26 Installed o -
8/03/72 72-26/73-26 351 42 462
10119172 73-26 7 9.6 461
4/02/73 73-26 165 142 31.6
512273 73-26 50 39 29.1
712473 73-26 63 128 736
10/25/73 73-26-b instalied — v
3/29/74 73-28b 155 17.2 40.8
8/18/71 71-32 installed - -
8/03/72 71-32/72-32 361 13.8 142
101972 7232 77 3.2 154
5/22/73 7232 215 54 8.2
7122113 72-3273-32 61 5.0 30.4
10/258/73 73-32 95 43 16.7
3131774 7332 157 46 10.8
7/30/73 73-38.0 installed — -
10/25/73 73-38.0 87 42 17.8
3731774 7338.0 157 af 7.3
7211714 73-38.0 112 1.7 38.5
331774 73-38.8 installed - -
7121174 73-38.8 112 10.4 34.2
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Table 14A. Surface altitude: 2 km site,
Biack Rapids Glacier

{Surface altitudes are plotted in figure 3A. Surface altitude
is the compirted altitude of the index site, which has a fixed
horizontal position. (Sae "Moaitoring of Index Site
Aftitudes” section in text.)}

Surface Snow
altitude depth
Date (meters) (meters)
3/18/77 2229.6 6.00
812377 22259 1.49
3/22/78 2227 1 4.39
9/4/80 222587 0.63
3/22/81 2227.5 3.67
9/10/81 2227.4 1.25
3/24/82 2228.7 no data
8/10/82 22271 no data
3/16/84 2228.7 no data
8/28/84 2226.9 no data
4/4/85 2229.0 no data
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Table 14B. Surface aititude: 4 km site,
Black Rapids Glacier

{Surface altitudes are plotted in figure 3B, Surface attitude
is the computed althude of the indax site, which has a fixed
hortzortal pesition. (See "Manitoring of Index Site
Aftitudes” seclion in text.) —, no data)

Surface Snow
altitude depth
Date (meters) (meters)

7/24/73 2019.1 -
3/27174 2018.9 1.93
7122174 2017.2 0.78
227175 2019.3 3.76
8/28/75 2017.0 0.02
3/24/76 2020.3 3.95
9/13/76 2017.9 0.35
3/18/77 2022.4 5.38
9/23/77 2020.8 1.16
3/18/78 2023.1 3.49
7/28/78 2019.9 2.17
10/23/78 2022.8 1.50
3/28/79 2022.8 3.65
8/23/79 2018.8 0.01
3/27/80 20245 4.99

9/4/80 2020.9 0.45
3/22/81 2023.3 3.38
8/10/81 2022.2 0.50
3/24/82 2024.6 3.56
9/10/82 20221 0.40
4/23/83 2023.8 3.88
8/18/83 2022.1 0.40
3/16/84 2023.8 3.10
8/28/84 2021.0 0.42

4/4/85 20229 3.80
9/12/85 2020.8 0.72

4/3/86 20231 3.80
9/25/86 2021.3 0.45
3/18/87 2023.8 4.26
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Table 14C. Surface altitude: 8 km site, Black Rapids Glacier

(Surface altitudes are plotted in figure 3C. Surfaca altitude is the computed aftitutde of the
index site, which has a fixed horizental position. (See "Monitoring of Index Stte Alfifudes”
section In text.) g/cm?, grams per cubic centimeter)

Surface Snow Snow

aititude depth density

Date (meters) (meters) (g/em®)
3/27/74 1889.4 1.40 0.36
7/22/74 1888.4 0.35 0.51
2/28/75 1889.5 2.45 0.33
8/28/75 1887.5 0.78 0.51
3/24/76 1880.3 2.85 0.33
9/13/76 1888.1 0.25 0.26
318777 1891.5 3.87 0.40
9/23/77 1889.8 0.77 0.28
3/22/78 1890.7 2.28 0.36
10/23/78 1889.4 1.12 0.26
3/28/79 1892.0 2.57 0.36
8/23/79 1889.1 0.26 0.26
3/27/80 1891.6 3N 0.36
9/04/80 1880.0 0.32 0.26
3/22/81 1892.4 2.67 0.36
6/22/81 1891.3 1.86 0.40
8/10/81 1891.1 0.55 0.26
3/24/82 1893.5 2.70 0.386
9/10/82 1891.1 0.25 0.26
4/21/83 1893.8 2.30 0.36
9/08/83 1891.7 0.61 0.26
3/17/84 1893.9 3.07 0.36
8/28/84 1892.0 - 0.81 0.26
4/04/85 1894.5 2.74 0.36
9/11/85 1893.1 0.40 0.26
4/03/86 1895.1 2.25 0.36
9/25/86 1893.2 0.38 0.26
3/18/87 1895.8 3.00 0.44
8/27/87 1893.4 1.31 0.51
4/19/90 1896.9 4.40 0.36
5/01/91 1896.2 2.99 0.36
5/04/92 1887.1 3.27 0.36
9/23/92 18985.0 0.49 0.26
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Table 14D. Surface aititude: 14 km site, Black Rapids Glacier

[Ice equivalent altitudes are platted in figure 3D. Surface altitude is the computed sattitude of the
index site, which has a fixed horizontal position. (See "Monitoring of Index Site Altitudes"
section in text.) ice equivalent altitude s calculated by converting the snaw depth to Its
equivalent ice thickness and adding this number to the Ice surface attitude. g/om?, grams per
cubic centimeter; m, meters; —, not applicable]

Surface Snow Snow ice
altitude depth density equivalent
Date (meters) (meters) (g/cm?®) altitude (m)
7/123/73 1718.3 0.00 e 1718.3
3/30/74 1718.9 1.49 0.34 1718.0
7/21/74 1717.5 0.00 ~- 1717.5
3/01/75 1718.6 2.26 0.34 17171
8/26/75 1716.1 0.02 0.20 17161
3/24776 1718.9 2.23 0.34 1717.5
9/13/76 1716.3 0.27 0.20 17161
3718177 1719.8 3.09 0.34 1717.9
9/23/77 1717.4 0.66 0.20 1716.9
3/18/78 1719.4 2.34 0.34 1718.0
0/24/78 1716.1 0.17 0.20 1716.0
3/28/79 1718.8 2.09 0.33 1717.5
8/23/79 1715.0 0.00 — 1715.0
3/27/80 1718.6 2.90 0.33 1716.8
9/04/80 1716.3 0.08 0.20 1716.2
3/22/81 17189 2.22 0.33 1717.5
6/22/81 1718.1 1.14 0.40 1717.4
9/10/81 1717.1 0.30 0.20 1716.9
3/25/82 1719.9 2.06 0.32 1718.8
9/10/82 1718.0 0.11 0.20 1717.9
4/21/83 1720.5 2.29 0.36 1719.1
9/08/83 1718.0 0.46 0.20 1717.7
3/16/84 1720.7 2.43 0.36 1719.2
8/28/84 1717.9 0.16 0.20 1717.7
4/05/85 1720.9 2.38 0.36 1719.4
9/05/85 1718.8 0.08 0.20 1718.7
4/04/86 1721.7 2.09 0.37 1720.5
9/25/86 1719.8 0.37 0.20 1719.5
3/20/87 1722.7 263 0.37 17211
8/27/87 1719.8 0.00 —-- 1719.8
4/21/88 17232 2.54 0.37 1721.7
4/15/89 17226 1.85 0.37 1721.5
5/23/90 1722.8 2.70 0.37 1721.2
5/01/91 1721.7 2.45 0.37 1720.3
5/04/92 1722.3 2.72 0.37 1720.7
9/23/92 1719.2 0.55 0.37 1718.9
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Table 14E, Surface altitude: 20 km site, Black Rapids Glacier

{ice equivalent altitudes are plotted in figure 3E. Surface altitude is the computed altitude of the
index site, which has a fixed horizontal pasition. (See "Monitoring of Index Site Aftitudes”
section in text.) [ce equivalent altitude is calculated by converting the snaw depth to its
equivalent ice thickness and adding this number to the ice surface altitude. g/cm?; grams per
cublc centimeter; m, meters; -—, not applicable}

Surface Snow Snow ice
altitude depth density equlivalent
Date (meters) (meters) {g/em?) altitude (m)
7/21/73 1514 .1 0.00 —-— 1514.1
7121174 1513.2 0.00 1513.2
3/02/75 1513.6 1.45 0.32 1512.6
8/25/75 1510.6 0.00 -~ 1510.5
3/25/76 1512.8 1.28 0.32 1512.0
9/13/76 1509.7 0.25 0.20 1509.5
3/19/77 1512.4 223 0.32 1510.9
9/21/77 1509.6 0.16 0.20 1509.5
3/18/78 1511.9 1.56 0.32 1510.9
9/23/78 1508.0 0.15 0.20 1507.9
3/29/79 1510.2 143 0.32 1509.3
3/26/80 1510.1 2.27 0.32 1508.6
9/04/80 1507.0 0.07 0.20 1507.0
3/23/81 1509.6 1.55 0.32 1508.6
6/22/81 1509.3 0.00 1509.3
9/10/81 1507.3 0.01 0.20 1507.3
3/25/82 1509.4 1.40 0.32 1508.5
9/10/82 1506.7 0.00 1506.7
4/21/83 1510.2 1.77 0.32 1509.0
9/08/83 1506.9 0.14 0.20 1506.8
3/19/84 1510.1 1.57 0.32 1509.1
8/28/84 1507.8 0.00 1507.8
4/05/85 1511.4 1.67 0.32 1510.3
9/11/85 1509.7 0.03 0.20 1509.6
4/02/86 1513.6 1.72 0.32 1512.5
9/25/86 1510.8 0.27 0.20 1510.6
3/18/87 1514.6 1.92 0.32 1513.4
8/27/87 1512.2 0.00 - 1512.2
4/16/88 1515.3 2.37 0.32 1513.8
4/15/89 1515.4 1.50 0.32 1514.4
5/26/90 1515.2 1.80 0.32 1514.0
5/01/91 15132 1.50 0.32 1512.3
5/05/92 1514.0 2.06 0.32 1512.7
9/23/92 1510.8 0.37 0.20 1510.5
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Table 14F. Surface altitude: 26 km site, Black Rapids Giacier

[lce equivalent altitudes are piotted in figure 3F. Surface altitude is the computed altitude of the
index site, which has a fixed horizortai posftion. (See “Monitofing of Index Site Aftitudes”
section in text.) lce equivatent altitude is caicutated by converting the snow depth ta its
aquivalent ice thickness and adding this number fo the ice surfaca aftitude. g/cm”, grams per
cubic centimeter; m, meters; —, not applicable)

Surface Snow Snow Ice
altitude depth density equivalent
Date (meters) (meters) {g/cm™) altitude (m)
7/21/73 1343.5 0.00 — 1343.5
7121774 13427 0.00 13427
3/3/75 1343.0 1.59 0.31 1342.0
3/26/76 13426 1.81 0.31 1341 .4
9/13/76 1338.5 0.00 — 1338.5
3/16/77 13419 2.17 0.31 1340.5
9/20/77 1337.9 0.02 0.20 1337.8
3/19/78 1340.9 1.71 0.31 13388
9/23/78 1336.3 0.12 0.20 1336.2
3/28/79 1339.3 1.43 0.31 1338.4
8723779 1334.7 0.00 1334.7
3/26/80 13371 1.87 0.31 1335.8
6/4/80 1332.6 0.00 — 1332.8
3/24/81% 1334.8 1.13 0.31 1334.1
8/22/81 13334 0.00 — 13334
9/22/81 1330.4 0.07 0.20 13304
3/22/82 1332.3 1.35 0.31 1331.4
9/10/82 1328.0 0.00 1328.0
4/20/83 1331.3 1.80 0.31 1330.1
9/8/83 1327.5 0.09 0.20 1327.4
3/19/84 13304 1.41 0.31 1320.4
8/28/84 1326.5 0.00 —- 1326.5
4/5/85 1329.0 1.34 0.31 1328.2
9/5/85 1325.0 0.03 0.20 1325.0
4/9/86 1326.7 1.08 0.31 1326.0
10/7/86 1322.1 0.24 0.20 1321.8
3/19/87 1322.8 1.54 0.21 1321.8
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Table 14G. Surface altitude; 32 km site, Black Rapids Glacier

[lce equivalent altitudes are plotted in figure 3G. Surface altitude is the computed altitude of
the index site, which has a fixed horizontal position. (See "Monitoring of Index Site Altitudes”
saction in text.) lce equivalent altitude (s calculated by converting the snow depth to its
equivalent ice thickness and adding this number ta the Ice surface altitude. g/cny; grams per
cuble centimeter; m, meters; —, not applicable)

Surface Snow Snow lce
altitude depth density aequivalent
Date (meters) (meters) (g/cm?) altitude (m)
7/23/73 1142.1 0.00 - 11421
3/31/74 1140.9 0.68 0.35 1140.5
7121774 1139.4 0.00 — 1139.4
3/4/75 1138.9 1.20 0.35 1138.2
8/25/75 11348 0.00 — 1134.8
3/26/76 11373 1.42 0.27 1136.3
9/13/76 1131.2 0.00 -— 1131.2
314777 1134.5 2.05 0.35 1133.2
9/20/77 1128.3 0.00 au 1128.3
3/23/78 1131.5 1.46 0.35 1130.6
9/22/78 1125.2 0.13 0.20 1125.1
3/29/79 1127.6 1.22 0.35 1126.8
3/29/80 1124.8 1.94 0.35 1123.8
9/4/80 1119.7 0.00 -— 1119.7
3/24/81 1122.2 1.27 0.35 1121.4
9/14/81 11171 0.00 - 11171
3/22/82 1119.6 1.01 0.35 1118.9
9/11/82 1114.5 0.00 --- 1114.5
4/20/83 1M17.7 1.63 0.32 1116.6
9/8/83 1112.7 0.00 --e 1112.7
3/18/84 11151 1.34 0.36 11143
8/28/84 1109.7 0.00 — 1109.7
4/5/85 1112.7 1.34 0.35 1111.8
9/5/85 1108.1 0.00 - 11091
4/9/86 1111.5 1.66 0.35 1110.5
10/7/86 1107.6 0.00 aus 1107.6
3/10/87 1109.6 1.63 0.43 1108.8
8/27/87 1104.9 0.00 - 1104.9
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Table 14H. Surface altitude: 38 km site, Black Rapids Glacier

[Ice equivalent altitudes are plotted in figure 3M. Surface alttude is the computad eftitude of the
index site, which has a fixed horizontal position. (See "Monioring of Index Site Altitudes™
section in text.) Ice equivalen! altitude is calculated by convertting the snow depth to its
equivalent ice thickness and adding this numbar to the ice surface attitude. g/aw’; grams per
cubic centimeter; m, meters; ~~, nat applicable)

Surface Snow Snow lce
altitude depth density equivalent
Date {meters) (meters) (g/cm?) altude (m)
7/130/73 958.8 0.00 — 958.8
3/31/74 956.5 0.51 0.36 956.2
7121774 953.3 0.00 -- 953.3
3/6775 952.8 0.84 0.36 952.3
8/26/75 948.4 0.00 948.4
3/28/76 948.7 0.80 0.38 948.2
8/13/76 842.7 0.00 ~= 8942.7
314777 943.5 0.70 0.36 943.0
9/20/77 938.5 0.00 - 036.5
3/20/78 939.0 1.19 0.36 038.3
9/23/78 8325 0.08 0.20 932.4
3/29/79 932.3 0.30 0.36 932.1
8/23/79 926.4 0.00 — 926.4
3/29/80 926.6 0.21 0.36 928.5
9/4/80 921.0 0.00 -— 921.0
3/24/81 821.8 0.13 0.36 921.7
©/14/81 9158.7 0.00 - 815.7
3/22/82 916.8 0.12 0.36 918.7
8/11/82 911.1 0.00 - 911.1
4/20/83 912.9 0.49 0.38 9126
9/8/83 907.4 0.00 nem 907.4
3/18/84 908.6 0.24 0.36 808.5
B/29/84 003.4 0.00 - 903.4
9/5/85 900.1 0.00 — 900.1
4/6/86 901.2 0.45 0.28 900.9
3/19/87 895.8 0.03 0.36 895.9
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Table 14]. Surface altitude: L-19 km site, Loket
Tributary of the Black Rapids Glacier

(Surface altitudes are plotted in figure 31, Surface altitude is the computed
alttude of tha index site, which has a fixed horizontal position. (See "Monitoring
of Index Site Altitudes" section In text.) g/om?®; grams per cubic centimeter; m,
meters; -—, not appiicabie}

Surface Snow Snow

altitude depth density

Date (meters) {meters) (g/cm®)
3/28/80 16548 3.65 0.35
8/04/80 1652.1 0.22 0.50
3/23/81 1654.7 2.64 0.35
9/22/81 1652.3 0.52 0.20
3/23/82 1654.4 2.38 0.35
9/10/82 1651.4 0.15 0.20
4/22/83 1654.0 2.84 0.35
9/09/83 1650.7 0.00
3/17/84 16853.2 2.74 0.35
8/28/84 1649.8 0.04 0.20
4/05/85 1652.7 2.77 0.35
9/05/85 1650.3 0.15 0.80
4/02/88 1652.9 2.28 0.35
9/25/88 1648.2 0.30 0.20
3/20/87 1652.7 3.21 0.44
4/20/88 1853.2 3.19 0.35

4/22/89 1852.0 no data no data
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Table 14J. Surface aititude: L-22 km site, Loket Tributary of the
Black Rapids Glacier

{lce equivalent attitudes are plotted in figure 3J. Surface aftitude is the computed altitude of the
Index site, which has a fixed horizontal position. (See “Monitoring of Index Ste Altitudes”
section in text,) tce aquivalent attitude ts calculated by converting the snow depth to its
equivatent ice thickness and adding this number to the ice surface attitude g/cm®, grams per
cubic centimeter; m, meters; —, not apphicable]

Surface Snow Snow Ice
aftitude depth denslty equivalent
Date (meters) (meters) (g/cm?) altitude (m)
3/21/78 1503.3 2.07 0.32 1502.0
3/30/79% 1501.4 1.97 0.32 1500.1
3/28/80 1500.3 2.66 0.32 1498.6
9/04/80 1496.6 0.07 0.20 1496.5
3/23/81 1499.8 1.80 0.32 1498.6
9/22/81 1496.7 0.40 0.20 1496.4
3/23/82 1499.3 1.58 0.32 1498.3
9/10/82 1495.7 0.00 1495.7
4/22/83 1498.1 1.98 0.32 1497.8
9/08/83 1485.7 0.21 0.20 1495.5
3/17/84 1498.9 1.97 0.32 1497.6
8/28/84 1496.1 0.00 — 1496.1
4/05/85 1499.3 1.96 032 1498.0
9/11/85 1496.4 0.00 -— 1496.4
4/02/86 1499.8 1.72 0.32 1498.5
10/07/86 1496.7 0.36 0.20 1496.4
3/20/87 1500.0 2.28 0.32 1498.4
8/27/87 1496.8 0.00 — 1496.8
4/14/88 1499.9 1.93 0.32 1498.7
4/22/89 1498.5 1.84 0.32 1497.3
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Table 15. Extensive glacier surface altitude surveys of 1973 and 1976, Black

Rapids Glacier
[See figure 9 for target locations}

Coordinate
Date  Target X Y Zz
72473 G 212356 110652 1304.2
702473 G2 212534 111236 1306.2
7124473 G3 212681 111723 130541
72473 G4 213016 112809 13231
712373 G5 213269 113641 1306.1
D73 Gé 213489 1143654 13105
712473 G7 21376.7 115275 1307.4
7/23/73 @8 214047 116206 1310.8
172373 Q9 214326 117111 13103
7/24/73  73-26.0 205979 122333 134738
7R1M73 G110 21461.2 118044 1310.8
721173 G111 21497.2 119234 13128
7121773 G12 21531.3 120338 13183
7/21/73  73-28.0 224586 118740 12789
712173 613 215733 121706 13122
721773 G14 21606.3 12281.0 13123
7121773 G1S 216352 123758 13108
7121773 G16 21659.7 124555 1313.¢
72173 G17 216908 12560.0 13196
7/21/73 ©18 217155 12643.9 1313.7
7121173 73-30.0 247105 11171.8 12041
721773 G19 217445 127335 13070
72173 G20 217701 128172 13177
7213 G2A 217974 129100 13137
72173 G22 218371 13039.4 13188
7/21/73 G2 21848.8 13151.7 1303.7
7/21/73  G24-RMD1Y 219348 133575 13717
7/21/73 RMD2 22020.6 13453.0 13970
72273 73-320-2 264328 111815 11635
712213 73320 26392.5 10869.0 11462
7/22/73  73-34.0 288530 10473.7 1083.0
712273 73-32.0TC 264055 108652 1146.%
71273 73-320-1 264873 116833 11622
7/22/13 733204 263116 103783 11489
7/22/73 733205 2625956 100232 11710
7213 73-22.0 187637 13188.t 1447.4
7/2073 L1 184993 125904 14166
7/22/73 73-18.0 12830.5 132051 1581.9
7120173 L2 172088 96666 1554.6
712273 73-20.0 148085 133921 15166
72073 3 172846 98514 1540.2
7/20/73 L4 173603 10033.7 15326
7/20/73 LS 174244 101858 1528.0
712073 L6 174871 10368.0 15195
772073 L7 17573.0 105501 15086
7/20/73 L8 176519 10738.0 1483.7
72073 L9 17728.7 109281 1479.4
7/20/73 110 178068 11116.4 1468.9
7/20/73  L14 178849 113041 14628
7720073 112 179612 114875 14579
772073 L13 180289 116739 1451.0

Coordinate
Date  Target X Y Z

7/20/73 L4 18118.0 118646 1440.4
7/20/73 L15 181911 120485 14288
772073 LA6 18266.3 122292 1417.4
7/20/73 L{7 18336.7 123949 14112
7/20/73 L1i8 183728 124835 1400.7
7/20/73 L19 184105 125730 14149
7120/73 L20 18436.2 12636.3 1403.0
7120/73 L2t 184771 127359 14048
7720/73 122 18549.7 12911.3 14045
7/20/73 L23 18619.6 13081.1 1403.2
7/20/73 124 18693.6 132614 140238
712073 L2S 187510 13401.0 1400.5
772073 L26 187626 135009 14103
7/20/73 L27 188368 136100 14045
7/20/73 L28 189084 137860 1388.9
7120/73 L28 189626 139108 13%1.9
7122713 G25 145648 128239 15313
273 G26 45686 125369 15244
71227713 G27 14564.( 126429 15269
7722773 G28 145639 126914 15218
7122713 G29 145625 127788 158227
7122773 G30 14561.9 128821 15199
7/22/773 G31 14560.5 130053 15158
712273 G32 145597 131054 15203
7/2273 G33 145588 132066 15189
7122773 G34 1455886 132836 15186
7/22/73 G35 145576 133790 158219
7/22/713 G36 14556.7 13481.3 15221
7/22/73 G377 145658 13585.2 15211
273 G38 145553 136866 152072
7122773 G38 145638 13786.2 15182
7/22/73 G40 145526 138857 15240
712273 G41 145522 139770 15270
72273 G42 145515 140852 15244
7/122/73 G43 145502 1418624 15282
712273 G44 145486 142395 15323
712213 G45 14561.7 143190 1528.3
7/22/73 G46 14551.0 14357.1 15232
712221713 G47 145496 14391.6 15820.0
7/22/73 G4B 14549.0 14454.9 15234
7122/73 G49 145478 144901 15174
712273 7316.0 107704 131621 1655.8
7122773 73140 89250 13137.7 176.7
71227713 73360 305968 102659 10357
7/22/73 73-400 342239 124586 876.3

7/22/73 7340 113413 47747 2029.0
7/22/73 73-6.0 102031 62168 1962.8
7/22/73 738.0 91197 77836 1896.6
7/22773 73100 80690 96694 18458
7122773 73120 74615 116382 17727
7121773 73-38.0 325359 112214 9583
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Table 15, continued

Coordirate
Date  Target X A V4
y2ir76 AN 20856.3 130883 13478
321776 A2 208246 129827 13387
3721776 A3 208429 130458 13448
321776 A4 20763.1 128404 13427
32178 A5 207468 127994 13424
3/21776 A6 20730.2 127543 13433
21776 A7 207153 12717.2 13448
3721776 A8 20697.2 126843 13447
321776 Ao 206522 125445 13443
3/22/16  A10 206755 128084 13443
22076 A9-A 206527 125452 13442
3/22/716 A1 206244 124704 133459
322776 A12 205943 123904 13486
32276 A13 205252 122675 1347.8
322716 A15 20856.7 121917 1343.0
322776 A4 20670.1 121113 134898
32276 A6 206502 119885 13487
322776 A17 205816 119221 13434
322776 A1B 205148 118562 13391
3/23/76  A20 201183 111211 13578
3123/76 A2 201496 111778 3537
323776 A3 20217.7 113863 13578
323/76  A24 202537 114822 1356.4
276 AL 202968 115963 13535
3/2376 DENOSE 203205 118565 13451
3276 B 289184 10873.4 10984
3/2376 B2 288946 107388 10951
3123776 B3 288766 10637.7 10988
3/23/76 B4 28862.9 105625 1094.9
3/23/76 85 28842.2 104533 10913
3/23/776 B6 288223 10349.6 1090.}
3/23/76  B7 288035 102498 1097.1
3/23/76 B8 287863 101513 11006
3/23/76 89 28768.7 10061.5 1109.6

Table 16. Altimeter altitude measurements
made on August 27, 1970

[Locations refar to centerline coordinates (table 21, later in the
report) and were determined by map reading. Locations are
accurate to about 200 meters. km, kilometers; m.a.s |, meters

above sea leval)
Location Altitude
{km) (m.a.s.l)
3.6 2.044
8.9 1,861
13.0 1,747
19.0 1,546
25.6 1,345
32.0 1.144
36.8 1,020
41.0 896
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Table 17. Ice thickness, Black Rapids Glacier

[Thickness prafiles are plottad In figure 10. The coordinates for the shot location (X, Y, and Z} are reported in the locat coordinate
systemn. All thicknessas were measured Using ice penetrating radar systems. Some shots had two returns; the second return is
marked with an asterisk (*). jce radar measurement positions that were not surveyed were estimated either by map reading
(labeded: map est.) or compass and tepe measure "surveys” (labeled: taped est.)}

Defay Antenna Return Position
time (micro- separation radius _ Shot location coordinate surveyed or

Date Shot Profile seconds)  (meters) (meters) X Y Z estimated
3121176 3 25.8 km 21 116 197 20840 13039 1339 Surveyed
3/21/76 4 25.9km 2.2 45 199 20834 13014 1342 Surveyed
3/21/76 4 25,9 km 25 45 221 20834 13014 1342 Surveyed
3/21/76 8 259 km 32 44 283 20755 12820 1343 Surveyed
3/21/76 7 25.9 km 3.4 48 301 20739 12777 1343 Surveyed
3121/78 8 25.9 km 3.5 40 308 20723 12736 1344 Surveyed
3121778 10 25.9 km 3.9 56 346 20706 12691 1345 Surveyed
3121176 12 25.9 km 8.7 128 762 20875 12604 1345 Surveyed
3/22776 15 25.9 km 47 67 411 20664 12576 1344 Surveyed
3/22/76 1B 25.9 km 52 80 453 20638 12507 1345 Surveyed
3/22/76 19 25.9 ki 51 88 446 20609 12430 1347 Surveyed
3/22/76 19* 25.9 km 5.2 86 462 20609 12430 1347 Surveyed
3/22/76 22 25.9 km 5.8 9§ 512 20610 12328 1348 Surveyed
3/22/76 23 259 km 6.0 102 528 20648 12188 1349 Surveyed
3722/76 24 25.9 km 6.2 54 447 20683 12151 1349 Surveyed
3/22/76 25 25.9. km 63 128 560 20640 12050 1349 Surveyed
3122176 26 25.9 km 8.2 180 565 20626 12017 1347 Surveyed
3/22/76 27 25.9 km 6.5 62 565 20596 11855 1346 Surveyed
3122176 28 25.9 km 5.0 80 436 20571 119156 1343 Surveyed
3/23/76 31 25.9 km 0.7 110 73 20150 11123 1354 Surveyed
372376 33 25.9 km 1.1 109 114 20218 11442 1358 Surveyed
3/23/76 36 25.9 km 1.8 102 176 20236 11434 1357 Surveyed
3/23/78 38 25.8 km 25 137 234 20275 11839 1355 Surveyed
3/23/78 41 25.6 km 3.1 147 202 20309 11626 1349 Surveyed
3/23/76 43 34.4 km 36 137 338 28907 10806 1087 Surveyed
3/23/76 44 34.4 Xm 3.3 103 303 28886 10688 1097 Surveyed
3/23776 44* 34.4 kmn a7 103 338 28886 10688 1007 Surveyed
3/23/76 46 34.4 km 4.6 78 407 28870 10600 1097 Surveyed
3/23/76 47 34.4 kim 5.3 111 473 28853 10508 1093 Surveyed
3/23/76 48 34.4 km 53 105 467 28832 10401 1091 Surveyed
3/23/76 49 34.4 km 47 102 424 28813 10300 1094 Surveyed
3/23/76 50 34.4 km 26 100 243 28795 10201 1089 Surveyed
3/23/76 51 34.4Kkm 3.9 92 352 28778 10106 1105 Surveyed
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Table 17. lce thickness: Black Rapids Glacier --continued

Delay Antenna Returmn Position
time {micro- separation radius Shot location coordinate surveyed or
Date Shot Profile seconds) (meters) (meters) X Y yA estimated
5/23/90 85 15 km 1.9 55 173 9459 12218 1719 Surveyed
5123190 S84 15 km 4.5 55 392 9466 12615 1708 Suiveyed
5/23/90 83 15 km 6.6 55 563 9472 12754 1704 Surveyed
5/23/90 S2 15 km 6.5 55 561 9488 13027 1704 Surveyed
5/23/90 S1 15 km 5.1 55 443 8504 13284 1703 Surveyed
5/23/90 WE 15 km 3.9 55 342 8531 13585 1700 Surveyed
5/23/90 N1 15 km 3.0 55 266 9533 13821 1697 Surveyed
§/23/90 N2 16 km 2.0 55 181 9535 13997 1694 Surveyed
5/23/90 N3 18 km 1.6 55 139 8536 14164 1690 Surveyed
5/23/190 82 14 km 7.0 55 603 8782 13526 nodata Taped est.
5/23/20 S1 14 km 8.2 55 535 8782 13326 nodata Taped est
5/23/90 14 km site 14 ki 5.4 55 468 8782 13128 1725 Surveyed
5/23/90 N1 14 km 4.9 55 428 8782 12946 nodata Taped est
5123/90 N2 14 km 3.1 55 274 8782 12766 nodata Taped est.
5/26/90 S3 20 km 1.7 55 156 14785 12814 nodata Taped est
5/26/80 s2 20 km 3.0 55 266 14785 13014 nodata Taped est
5/26/90 S$1 20 km 52 55 451 14785 13214 nodata Taped est.
5126/90 20 km site 20 km 8.4 55 552 14785 13414 1516 Surveyed
5/26/90 N1 20 km 6.0 55 519 14785 13614 nodata Taped est.
5/26/90 N2 20 km 58 55 502 14785 13814 nodata Taped est
422/87  40km Terminus 2.4 60 216 33848 12208 844 Magp est.
4/22/87 39km  Terminus 34 60 301 33120 11648 872 Map est.
4/22/87 38km  Terminus 3.8 60 330 32311 11088 896 Map est.
4/22/187 37km  Terminus 4.3 60 377 31458 10535 930 Map est.
4/22/87 36km  Terminus 4.5 60 394 30478 10332 964 Map est.
4)22/87 35km  Terminus 4.8 60 415  20B42 10238 1004 Map est.
4/22/87 33.5km  Terminus 5.2 60 453 28008 10504 1057 Map est.
4/22/87 32km  Terminus 4.7 60 411 26542 10831 1109 Map est.
3/27/79  4km  Point shots 4.0 100 357 11224 4750 2028 Surveyed
3/28/79 8km  Paint shots 7.5 50 644 8074 8123 1894 Surveyed
3/18/78  1dkm  Point shots 5.6 46 483 8877 13142 1713 Surveyed
3/1B/78 20km  Polint shots 8.7 58 578 14790 13402 1513 Surveyed
3/20/78  26km  Point shots 6.0 126 531 20433 12225 1342 Surveyed
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Table 18, Local coordinates of monuments used for geodetic surveys, Black Rapids Glacier

Monument Coordlnate Monument Coordinate
name (meters) name (meters)
X Y Z X Y Z
The End 1205596 1734.10 248180 Lake 14557.92 14664.43 1606.81
Torque 11726.18 2028.96 248599 Soaked 16918.58 14852.46 1609.27
Adrenaline 1321573  3519.86 2483.35 Blank 16854.23 11871.78 1566.44
Perfect 8881.37 5938.20 2023.48 Blue 19093.73  14205.48 1510.77
Ozone 10793.10  7260.12 2048.86 Devil 18756.53  10142.25 1930.40
Smoke 10809.68 7274.03 2058.11 Eagle 21101.92 10581.78 1625.24
Red 7517.13 8012.09 2003.81 Ematic 23396.99 12904.72 1394.22
Green 7525.84 8021.07 1099.87 All Wrong 26207.33 8242,37 1627.76
Fireweed 7522.75 8024.68 2003.80 Denali 28033.91  13303.18 1916.89
Rotten 593554 10923.66 1998.65 Rubble 30163.10 8696.27 154925
Potholes 4859.20 12811.28 192585 Disaster 30610.19  11654.74 1201.59
Rainbow 6599.03 14875.82 1861.03 Hook 31647.94 12002.22 1113.01
No Return 984930 11827.90 1804.87 Crook 31676.76  11876.84 1106.12
Willsear 8618.91 14595.73 1834.18 O'Damnit 32848.13 9871.75 1289.47
Wills Left 8566.45 14838.10 1869.64 Flop 33653.93 13189.10 1138.44
Ear

Calcite 11808.03 14488.58 1666.71 1937 36222.48 13288.10 955.06
Shudder 12326.47 12248.34 1690.99

Table 19. GPS-derived coordinates for Lake and Potholes monuments.
[GPS survey to top of monuments, in North American Datum 1927 (NAD27). Local coordinate was

converted to UTM, then into the local system using equations 1 and 2. GPS, Global Positioning System; h,

eltipsoid height|
Monument GPS-derived position Local coordinate
Latitude Longitude h {meters)
(decimal degrees) (meters) X Y
Lake 63.494457 146.388807 1625.03 14440.10 14635.39
Potholes  63.478584 146.,581736 1944.62 484113 12788.72
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Table 20. Additional points surveyed in both the GPS derived coordinate system and the local

coordinate system
[These points help serve as a check on the network shift based on the GPS supveys. Note that the stakes were displaced by ice motion in
the period between surveys. GPS, Global Positioning System)

Target GPS derived position GPS derived focal coordinate Geodetically surveyed local
coordinate
Latitude  Longitude Date X Y Date X Y
{decimal degrees) (meters) (meters)

8 km 63.436607 146.500457 9May92 8050.37 8163.58 4 May92 9051.52 B162.64

14 km 63.481361 146.504979 9 May92 878278 13150.82 4 May 92 8781.97 13150.46

20 fan  63.483151 146.384453 ©May 92 14787.86 13406.33 5 May 92 14786.87 13406.41

Table 21. Centerline coordinate system, Black Rapids Glacier

(km, kilometers]

Site Coordinate Site Coordinate Site Coordinate
(km) {meters) (km) (meters) (km) (meters)
X Y X Y X Y

0 134551 1450.6 24 18760.6 12699.1 48 400256 17277.6

1 12905.9 2286.7 25 138733.4 124656 49 403348 1822%5.1

2 12317.9 3096.0 26 206983 12201.8 60 40178.3 15217.1

3 11742.7 39145 27 21667.3 110529 51 38869.1 20168.5

4 11193.4 47508 28 226400 11718.3 52 398356 211413

5 10618.2 5569.1 29 23612.7 11485.8

6 100690 64052 30 245890 11287.8 Loket Tributary

7 9548.3 7258.2 31 25585.3 11048.3 Site Coordinate

8 9064,3 81348 32 285416 108311 (krm) X Y

9 85551 8995.9 33 275178 10612.9 26 20698.3 12201.6
10 8128.2 9901.0 34 284942 10394.7 L-26 19697.9 12201.7
11 7746.3 108253 35 204823 10238.2 L-24 187252 11968.1
12 7512.8 11798.0 36 30478.2 103323 L-23 17880.5 11432.1
13 79529 12696.4 37 31457.8 105352 L-22 173986 105555
14 88443 13150.5 38 323108 11057.9 L-21 172421 9567.4
15 9832.3 13307.0 39 331201 11645.9 L-20 16787.9 8676.0
16  10830.7 13369.9 40 33947.5 12208.2 L-19 16419.7 77459
17  11829.17 134326 41  34676.7 12883.0 118 16576.2 6757.8
18 12829.5 134326 42 35314.4 13663.8 {17 18576.2 57575
19 13829.9 134328 43 35976.0 14414.2 L-16 16497.7 4760.2
20  14829.8 13401.2 44 367944 14989.4 L-15 170857 3950.8
21 15827.4 13322.7 45 37663.4 154851 L-14 17977.0 34986.7
22 16815.2 13166.2 46 38554.7 15939.2 L-13 189%01.3 3113.8
23 17787.9 120327 47 39364.1 16527.2 L-12 19874.0 2880.3
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Appendix A. Terminus motion during the 1936-37 surge

Hance (1937) estimated that the terminus of Black Rapids Glacier advanced approximately 3
miles between September 1936 and February 1937, giving an average speed of 115 feet per day.
Dr. Otto Geist's (University of Alaska) observations near the end of the advance are reported
below. We have one of the few (perhaps only) known copies of Geist's data and present it here to
greizcrve it. A description of the field work was written by Giddings (1988), a member of Geist's

eld party.

The locations of Geist's observations along the surge front are recorded on a map. The map is
not reproduced here due to problems with the control and scale. The approximate distance of the
observation lines measured from the south ice margin along the surge front is: Line 1: 750 m, line
3A: 1200 m, line 4: 1400 m, line 4A: 1450 m, line 5: 1850 m, fine 6, 2000 m, and the north ice
margin: 2350 m.

Table A1. Geist's observations of the 1937 terminus advance,
Black Rapids Glacier

Advance Date Time Speed
(feet) {feet per day)
From first Between
observation measurements
Line Number 1
0 02-Apr-1937  11:32
4 02-Apr-1937 15:50 223 223
7 02-Apr-1937 18,55 2.8 23.4
25 03-Apr-1937  11:00 256 26.9
29 03-Apr-1937  14:42 256 25.9
34 03-Apr-1837 18:14 26.6 340
35 03-Apr-1937 19:40 264 16.7
47 04-Apr-1837 08:05 253 23.2
55 04-Apr-1937 15:22 25.5 26.4
59 04-Apr-1937 18:0 255 26.4
79 05-Apr-1937  06:50 282 40.6
80 05-Apr-1937 1340 259 35
83 05-Apr-1937  19:00 25.1 135
100 06-Apr-1937 08:00 26.0 3.4
115 07-Apr-1937 18:00 218 1086
153 08-Apr-1937 16:50 246 39.8
Line Number 2
0 02-Apr-4937  12:.00
4 02-Apr-1937 15:46 258 25.5
6 02-Apr-1937  18:45 21.3 16.1
26 03-Apr-1937  11:05 210 29.4
29 03-Apr-1937  14:40 26.1 20.1
as 03-Apr-1937  19:40 265 28.8
50 04-Apr-1937  08:40 26.9 27.7
89 04-Apr-1937 15128 275 32.0
64 04-Apr-1Q37 18:00 278 335
77 05-Apr-1837  08:55 276 26.2
82 05-Apr-1937 14.00 26.8 16.9
85 05-Apr-1837 18:55 25.9 14.6
95 06-Apr-1837 08:00 2438 18.3
112 06-Apr-1937  18:00 264 40.6
136 07-Apr-1937 15:40 26.4 28.6
168 08-Apr-1937 17:40 28.9 295



Table A1. Geist's observations of the 1837 terminus advance,
Black Rapids Glacjer, continued

Advance Date Time Speed
(feet) (feet/day)
From flrst Befween
obsarvation measurements
Line Number 3
0 04-Apr-1937 14:45
P 05-Apr-1937 07:55 322 322
35 05-Apr-1937 18:34 30.2 27.0
52 06-Apr-1937 08:30 29.9 29.3
82 07-Apr-1937 1546 30.2 30.7
130 08-Apr-1837 17:50 NS 35.0
179 10-Apr-1837 10:05 20.8 29.2
Line Nurmber 3A
0 05-Apr-1937 14:47
4 05-Apr-1937 18:30 258 258
19 06-Apr-1937  20:40 153 13.8
LJne Number 4
0 04-Apr-1837 11:08
50 05-Apr-1937 12:40 470 47.0
55 05-Apr-1937 18:20 423 212
97 06-Apr-1937 08:40 819 703
151 07-Apr~1837 1558 47.2 41 4
164 08-Apr-1937 18:05 38.2 1.9
Line Number 4A
) 02-Apr-1937 17:30
1 02-Apr-1937 18:30 18.0 180
38 05-Apr-1837 12:30 135 135
42 05-Apr-1937 18:10 138 16.9
51 06-Apr-1937 08:50 14.0 147
79 07-Apr-1937 16:10 159 21.4
102 08.-Apr-1937  18:15 16.9 212
137 10-Apr-1837 10:00 17.8 211
Line Number §
0 04-Apr-1837 14:10
1 05-Apr-1937 12:00 1.1 11
21 05-Apr-1937 18:05 1841 78.9
29 06-Apr-1937  09:00 16.2 12.9
62 07-Apr-1937 16:15 201 253
82 08-Apr-1937 18:25 18.6 183
132 10-Apr-1937 10:00 2.7 303
Line Number 6
0 04.Apr-1937 13:55
20 05-Apr-1937 1215 215 21.5
25 05-Apr-1837 17:55 214 21.2
39 06-Apr-1937  08:10 21,6 220
78 07-Apr-1937  16:25 254 300
100 08-4pr-1937 18:30 23¢9 20.2

145 10-Apr-1937  09.45 248 27.5
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Appendix B. Data Disk Information

A data disk is included with this report. The disk contains the mass balance, ice velocity, sur-
face altitude, and ice thickness data tables. It is a 3.5-inch, 1.44 megabyte disk formatted with
IBM PC operating system MS-DOS 6.0. Data tables are written to it in two formats: ASCIT text
and Lotus 123 version 2.01 .WKI spreadsheet format. The ASCII files are in a subdirectory
named ASCII and the Lotus 123 files are in a subdirectory named lotus23.

In the root directory on the disk there is an ASCII file named README.TXT. It says:

This text file contains an overview of the files available on
this data disk.

Report title:

Observations of the Surge-Type Black Rapids Glacier, Alaska,
During a Quiescent Period, 19%70-92

by TA Heinrichs, LR Mayo, DC Trabant, and RS March, 1995

US Geological Survey Open File Report 94-512

For additional information write to:
District Chief

US Geological Survey

4230 University Drive, Suite 201
Anchorage, Alaska, 99508-4664

This disk contains the mass balance, ice velocity, surface
altitude, and ice thickness data tables. It is a 3.5-inch, 1.44
megabyte disk formatted with IBM PC operating system MS5-DOS 6.0.
Data tables are written to it in two formats: ASCII text and
Lotus 123 version 2.01 .WK1 spreadsheet format. The ASCII files
are in a subdirectory named "ASCII" and the Lotus 123 files are
in a subdirectory named "LOTUS123".

The following tables are on this disk. Listed below are the Lotus
123 file names with .WK1l extension. The ASCII text files have the
same names, except the file name extension is .TXT. For example,
Table 1 is TABLE1l.TXT

Table # File name Table description

1 TABLEL .WK1 Net mass balance (summary)

9A TABLEYA.WK1 Ice velocity data 2 km site

9B TABLE9B.WK1 Ice velocity data 4 km site

sC TABLE9C.WK1 Ice velocity data 8 km site

5D TABLE9D.WK1 Ice velocity data 14 km site
SE TABLESE.WK1 Ice velocity data 20 km site
SF TABLESF.WK1 Ice velocity data 26 km site
9G TABLESG.WK1 Ice velocity data 32 km site
9H TABLESH . WK1 Ice velocity data 38 km site
91 TABLEOI .WK1 Ice velocity data L-1% km site
9J TABLE9J.WK1 Ice velocity data L-22 km site
10 TARLE10.WK1 Additional ice velocity measurements
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11
12
147
14B
l4cC
14D
14E
14F
14G
14H
141
14J
15
17
18
21

TABLE11l.WK1
TABLE12.WK1

TABLE14A.
TABLE14B.
TABLE14C.
TABLE14D.
TABLEL4E.
TABLEI4AF.
TABLE14G.
TABLE14H.

TABLE141I
TABLE14J

WK1
WK1
WK1
WK1
WK1
WK1
WK1
WK1

.WK1
.WK1

TABLE15.WK1
TABLE17 .WK1
TABLE18.WK1
TABLE21.WK1

Longitudinal velocity profile (7/73 to 7/74)
Velocity cross-profiles

Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface

altitude
altitude
altitude
altitude
altitude
altitude
altitude
altitude
altitude
altitude

2 km site

4 km site

8 km site

14 km site
20 km site
26 km site
32 km site
38 km site
L-19 km site
L-22 km site

Extensive surface altitude surveys (1973 & 1976)
Ice thickness
Local coordinates of geodetic control monuments
Centerline coordinate system
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Table C1. Area-aititude distribution of Black Rapids Glacier

[The area-altitude distribution was measured from figure 2 by laying & dot grid over map and
counting the number of dots between contours.)

Altitude Ares Percentage
{meters) (square kilometers) debris-covered
From Ta Total Debris-covered ice ice
800 900 5.69 5.19 91.2
900 1000 4.31 238 551
1000 1100 5.06 2.31 45.7
1100 1200 0.88 5.00 50.6
1200 1300 8.94 3.4 385
1300 1400 9.44 3.63 38.4
1400 1500 12.81 2.78 21.5
1500 1600 13.13 2,31 17.6
1600 1700 2018 213 10.5
1700 1800 28.08 0.44 1.6
1800 1900 33.69 0.08 0.2
1900 2000 36.31 e -—
2000 2100 21.38 —— -—
2100 2200 14.56 - ---
2200 2300 9.50 ---
2300 2400 519 ~ —
2400 2500 2.44 — -—
2500 2800 1.19 - —
2600 2700 1.63 - -—
27600 2800 0.88 --- -
2800 2900 0.94 - -
2500 3000 0.56 m-- -
3000 3100 0.44 - ---
3100 3200 0.19 --- -
Totals 246,38 29.63
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Figure C1. Area-altitude distribution of Black Rapids Glacier, Alaska



Table C2. Area-altitude distribution of all the glacier snow and ice
in the Black Rapids Glacier drainage basin

{This table includes all the snow and ice in the drainage basin, including unattached glaciers
in tributary valleys. The area-altitude distribution was measured from figure 2 by laying a dat
gnd over map and counting the number of dots between contours.]

Altitude Area Percentage
(meters) (square kilometers) debris-covered

From To Total Debris-covered ice ice
800 800 5.69 5.19 91.2
900 1000 431 2.38 55.1
1000 1100 5.44 2.50 46.0
1100 1200 10.31 513 497
1200 1300 9.75 3.63 37.2
1300 1400 10.56 419 39.6
1400 1500 14.63 3.31 22.6
1500 1600 16.50 3.3 20.1
1600 1700 2463 3.13 12.7
1700 1800 33.06 1.06 3.2
1800 1900 38.44 0.13 0.3
19800 2000 39.50 — —a
2000 2100 23.44 - -
2100 2200 15.69 -—
2200 2300 10.31 - -
2300 2400 5.81 - —
2400 2500 3.00 —
2500 2600 1.56 -
2600 2700 1.63 - -
2700 2800 0.88 — -
2800 2900 0.94 .- ——
2900 3000 0.56 — -
3000 3100 0.44 - ——
3100 3200 0.19 -- ~~-

Totals 277.25 33.94
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Appendix D. Snow Pits

Data were gathered from 23 snow pits on Black Rapids Glacier. Uncertainties in the snow pit
density observations are reported below in table D1. The snow pit data are in tables D2-D24.
Density was measured by taking vertical core sections from the wall of the pit (fig. 5). The sample
mass was measured with a spring scale. The sample depth range is the top and bottom of the core
section. The sample cross-sectional area is listed in the notes section at the bottom of the table.
Using the area and the depth range, the volume and density of the sample can be calculated. The
average densiry for the entire length of core is listed at the bottom of the density column. The
water equivalenr of the core section is calculated by multiplying the relative density [p(s)/p(w)]
by the sample length. The total snow balance, b(s), for the core is at the bottom of the snow bal-
ance column. The depth at which the temperatures were measured is reported in the right-hand
column. Temperature depth is measured down from the snow surface. In the "Notes" section, the
summer surface is identified; the type of material and the observed qualities used to identify it are
reported here. The average snow depih is the average of the pit depth and the snow probings.
Temperatures in the snowpack were measured with calibrated, dial-type thermometers. Accuracy
is estimated to be £1°C.

Table D1. Uncertainties in snow pit density observations
{m, meters; p, dansity; g/cm’. grams per cublc centimeter)

Quantity Estimated uncentainty Comments

Individual quantities:

Sample depth 10.01m

Sample diamaster 0.001 m

Samplemass _ ________ fOgrams____ _ _ _ _ o ____

Combined:

Error for each 3.6 percent 0.01 g/cm? for a sample with 0.40 m depth, 0.0723 m

sample diameter, 500 @ mass (p=0.305 g/cm?); errocs

combined in quadrature

Error for entire core L 3.6 percent 0.005 g/cm? for a 2 m deep pit (5 samples); n is the

Jn number of samples in tha core
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Table D2. Snow pit: 4 km site, 3/27/74, Black Rapids Glacier

[ See Appendix O text for exptanation of methods and terminoiagy. cm, centimeter; g, grams; m,,, meters of water equivalent; g/cm®,
grams per cubic centimeter; °C, degrees Celslus; cm?, square centimeters, m, meters, b(s), snow balance.}

Sample depth range  Sample Denslty Water Snow Temperature
(cm) mass equivalent Depth Value
Top  Bottom () (g/cm?) (Muwe) (cm) (°C)
0 15 80 0.21 0.03 0 -13.0
15 30 125 .33 .05 10 -13.8
30 45 105 27 .04 30 -13.8
45 60 135 .35 .05 60 -12.5
80 75 115 .30 .05 100 -11.8
75 80 145 .38 .06 150 -10.3
80 105 115 .30 .05 183 -8.0
105 120 105 27 .04
120 135 140 37 .05
135 150 135 .35 .05
150 185 145 .38 .06
165 180 130 .34 .05
180 193 110 33 .04
Average: .32 0.62

Notes:

Summer surface: dirt at 1.93 m; depth hoar 1.05-1.93 m

Average snow depth: 1.93 m

Sample cross-sectional area. 25.5 cm?

Table D3. Snow pit: 4 km site, 2/28/75, Black Rapids Glacier

{ See Appendix D text for explanation of méthods and terminology. em, cantimeter; g, grams; m,,., meters of water equivalent; g/cm?,
grams per cuble centlmeter, °C, degrees Celsius; cm?, square centimetars, m, meters, b(s}, show balance.)

Sample depth range  Sample Density Water Snow Temperature
(cm) mass equivalent Depth Vatue
Top  Bottom @ (g/cm®) (Mye) {cm) C)
0 40 365 0.22 0.09 10 -18.0
40 80 430 .26 10 30 -15.0
80 120 515 31 13 60 -13.8
120 160 610 .37 15 100 -13.0
160 200 695 42 a7 150 -12.5
200 240 725 44 .18 200 -10.0
240 280 785 48 18 250 -8.5
280 320 820 .50 .20 300 -7.0
320 350 600 49 A8 350 -6.0
350 368 310 42 .08 370 -5.0
Average: .39 1.43
Notes:

Summer surface: dirt layer at 3.68 m; depth hoar 3.50-3.88 m

Average snow depth: 3.76 m

Sample crass-sectional area: 41.05 em?




Table D4, Snow pit: 8 km site, 8/28/75, Black Rapids Glacier

( Sae Appendix D text for explanation of mathads and terminology. cm, centimeter; g, grams; m,., meters of water squivalent; g/eny’,
grams par cubic centimeter; °C, degrees Celsius; cnv?, square centimeters, m, meters, b(s), snow balance.)

Sampie depth range  Sample Density Water Snow Temperature
(cm) mass equivalent Depth Value
Top _ Bottom @ (g/em?) (Mue) (em) (¢S
0 30 655 0.53 0.16 throughout 0.0
30 54 520 .53 A3
54 78 470 A48 11
Average: .51 Total b{s): .40
Notes;

Summer surface: heavy dirt fayer at 0.78 m
Average snow depth: 0.78 m
Samptle cross-sectional area: 41.05 cm?

Table D5. Snow pit: 8 km site, 3/24/76, Black Rapids Glacier

[ Sea Appendix O text for exptanation of methods and tecrninology. om, centimeter; g, grams; m,., meters of water equivalent; g/em?,
grams par cubic centimeter; °C, degrees Celsius; cm?, square centimeters, m, meters, b(s), snow batance.)

Sample depth range Sample Density Water Snow Temperature
(cm) mass equivalent Depth Value
Top  Bottom () (g/cm®) {Mye) (cm) (°C)
0 40 285 0.17 0.07 ¢] -10.0
40 8Q 435 .28 A 10 -12.5
80 120 585 .36 14 30 -18.3
120 160 655 .40 16 60 -15.0
180 200 635 .39 A5 100 -13.4
200 250 570 .28 .14 150 <12.0
250 283 660 .49 .16 200 -10.4
250 -8.4
Average: .23 Total b(s): .93 283 -7.0
Notes:

Summer surface: slightly dirty at 2.83 m; many melt crusts 2.34-2.83 m
Average snow depth: 2.85 m
Sample cross-sectional area: 41.05 cm?




Table D6. Snow pit: 8 km site, 9/13/76, Black Rapids Glacier

[ See Appendix D text for explanation of methods and terminclogy. cm, centimeter; g, grams: m.., Mmeters of water equivaient; g/cm?,
grams per cubic centimeter; °C, degrees Celsius; cm?, square centimeters, m, meters, b(s), snow balance.|

Sample depth range  Sample Density Water Snow Temperature
(cm) mass equlvalent Depth Value
Top Boattom @ (g/cm?®) (Mye) (cm) (°C)
0 25 270 0.28 0.07 10 -3.0
25 50 475 48 A2
50 80 600 49 15
80 1158 765 .53 19
Notes: Average: .45 Total b(s): 51

Summer surface: dirt at 0.25 m--1976 summer surface;
very dirty at 1.15 m--1975 summer surface

Average snow depth: 0.25 m

Sample cross-sectional area: 41.05 cm?

Table D7. Snow pit: 8 km site, 3/19/77, Black Rapids Glacier

[ See Appendix D text for explanation of methads and terminclogy. om, centimeter; g, grams. m.., meters of water equivalent; g/cm*,
grams per cubic cantimeter; °C, degrees Celsiys; cm?, square centimeters, m, meters, b(s), snow balance |

Sample depth range  Sample Density Water Snow Temperature
(cm) mass equivalent Depth Valtue

Top _Bottom ©@ (g/em?) (Mwe) (cm) 9]
] 40 335 0.20 0.08 0 -12.0

40 80 495 .30 A2 10 -17.0

80 120 815 37 A5 a0 -18.0

120 180 845 .39 .16 60 -16.0
160 200 760 .48 .18 100 -12.0
200 240 775 .47 19 150 -8.5
240 280 785 47 18 200 -8.2
280 320 755 .48 18 250 -7.0
320 357 700 .48 A7 300 -8.0
357 -5.0

Average: .40 Total b(s): 1.42
Notes:
Summer surface: slight dirt at 3.88 m, iced fim below
Average snow depth: 3.87 m
Sample cross-sectional area: 41.05 cm?




Table D8. Snow pit: 8 km site, 8/23/77, Black Rapids Glacier

[ Sea Appendix D {ext for explanation of metheds and terminology. cm, cantimeter, g, grams; m,,,, meters of water equivalent: glem?,
grams par cubic centimeter; °C, degrees Calslus; cm®, square centimeters, m, maters, b(s), snow balance,)

Sample depth range  Sample Density Water Snow Temperature
(cm) mass equivalent Depth Value

Top Bottom @) (g/cm®) (Mye) (cm) (°C)

0 40 380 0.23 0.09 0 -0.5

40 82 565 .33 14 10 -4.0

30 -2.0

Average: .28 Total b(s): .23 80 -1.0

Notes: 82 -0.5

Summer surface:; dirt at 0.82 m; very hard firn below
Average snow depth: 0.78 m
Sample cross-sectional area: 41.05 cm?

Tabie D9. Snow pit; 8 km site, 3/22/78, Black Rapids Glacier

| See Appendix D text for explanation of metheds and terminology. cm, centimeter: g, grams; m..,, meters of water equivalent; g/cm?,
grams per cubic centimater; °C, degrees Ceaisius; cm?, square centimeters, m, meters, b(s), snow balance.|

Sample depth range  Sample Density Water Snow Termperature
(cm) mass equivalent Depth Value

Top  Bottom 9 (g/em?) (Mue) (cm) (°C)
0 40 325 0.20 0.08 0 -10.5
40 80 565 34 A4 10 -21.1
80 120 625 .38 15 30 -16.7
120 180 805 .37 A5 60 -14.0
160 200 715 44 A7 100 -11.5
200 228 528 46 13 150 -10.0
200 ~7.2

Average: .36 Total b(s): .82 226 -6.5

Notes:

Summer surface: medium dirt layer at 2.28 m, refrozen firm below
Average snow depth:; 2.28 m
Sample cross-sectional area: 41.05 cm?




Table D10. Snow pit: 8.7 km site, 10/27/73, Black Rapids Glacier

[ See Appendix D text lor explanation of methods and terminolugy. cm, centimeter; g, grams; m..., metars of water equivatent; g/om?,
grams per cubi¢ centimeter; °C, degrees Celsius; cm?, squars centimeters, m, meters, b(s), snow balance.]

Sample depth range  Sample Density Water Snow Temperature
(cm) mass equivalent Depth Value
Top __ Bottom @) (gl/am?) (Mwe) (cm) (C)
0 40 320 0.19 0.08 0 -8.8
40 79 475 .30 2 10 -12.0
79 103 455 A8 A1 30 -9.2
103 142 790 .49 A9 60 53
100 -3.0
Average: .38 Total b{s): .50 150 -1.8
Notes:

Summer surface: 1973 summer surface at 0.79 m--dirt layer;

1972 summer surface at 1.03 m—dirt layer;

1971 summer surface at 1.42 m--slight dirt and crystal change
Average show depth: 0.79 m
Sample cross-sectional area: 41.05 cm?

Table D11. Snow pit: 14 km site, 3/1/75, Black Rapids Glacier

| See Appendlx O text for explanation of methods and terminology. cm, centimeter, g, grams; m,,.., meters of water equivalent; g/cm?®,
grams per cublc centimeter; °C, degrees Celsius; ¢m?, square centimeters, m, meters, b(s), snow balance.)

Sample depth range  Sample Density Water Snow Temperature
(cm) mass equivalent Depth Vatue

Top Bottom ©)] (g/cm?) (Mwe) (cm) (°C)
0 40 350 0.21 0.09 0 -18.5
40 80 480 29 A2 10 -19.0
80 120 585 .36 14 30 -15.5
120 160 625 .38 a5 60 -11.8
160 200 725 44 .18 100 -10.0
200 214 210 37 .05 150 -8.0
200 -7.5

Average: .34 Total b(s): T2 214 -5.5

Notes:

Summer surface: ice
Average snow depth: 2.26 m
Sample cross sectional area; 41.05 cm?




Table D12. Snow pit: 14 km site, 3/28/79, Black Rapids Glacier

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; my,, meters of water equivalent; gicm?,
grams per cubic centimeter; °C, degrees Calslus; em?, square centimeters, m, maters, b(s), snow balance.]

Sample depth range  Sample Density VWater Snow Temperature
(cm) mass equivalent Depth Value

Top  Bottom (9) (g/em?) (Mye) (crm) (C)
0 40 315 0.19 0.08 0 -25.0
40 80 470 29 A1 10 -20.0
80 120 550 33 13 30 -14.0
120 160 " 640 .39 16 60 -10.5
160 190 515 42 A3 100 -8.5
190 211 360 42 .08 150 -8.0
211 -7.0

Average: .33 Total b(s): .89
Notes:

Summer surface: ice
Average snow depth: 2,08 m
Sample cross sectional area: 41.05 cm?

Table D13. Snow pit: 14 km site, 3/25/80, Black Rapids Glacier

| See Appendix D text for explanation of methods and terminclogy. cm, centirneter; g, grams: m.,. maters of water equivalent; g/em®,
grams per cubic centimeter; °C, degrees Celsius; cm?, square centimeters, m, meters, b(s), snow balance. ]

Sample depth range  Sample Density Water Snow Temperature
(cm) mass equivalent Depth Value
Top Bottorn 9) (g/cm?) (Mye) (cm) (°C)
0 40 300 0.18 0.07 10 -15.3
40 80 495 .30 A2 30 -12.3
80 120 545 .33 13 60 -11.0
120 160 620 .38 15 100 -10.4
160 200 580 .35 14 150 -9.2
200 209 180 49 .04 209 -7.1
Average: 32 Total b(s): .86
Notes:

Summer surface: ice
Average snow depth: 2.90 m
Sample cross sectional area: 41.05 cm?




Table D14, Snow pit: 14 km site, 4/22/83, Black Rapids Glacier

( See Appendix D text for explanation of methods and tarminology. ¢m, centimeter; g, grams; m.., meters of water equivaient; g/om?,
grams per cubic centimatar; *C, degrees Celsius; cm®, square centimeters, m, meters, b(s), snow balance ]

Sample depth range  Sample Density Water Snow Temperature

(cm) mass equivalent Depth Value

Top Bottom ) (g/cm®) (Mye) (cm) (°C)
0 40 375 0.23 0.09 0 -0.5
40 80 525 .32 A3 10 -1.5
80 120 680 41 17 30 -6.0
120 160 665 .40 .16 60 -7.2
160 205 760 41 .19 100 -7.2
180 6.7
Average; .38 Total b(s): 73 210 -5.5

Notes:

Summes surface: ice
Average snow depth; 2.29 m
Sample cross sectional area: 41.05 ¢r?

Table D15. Snow pit: 14 km site, 4/4/86, Black Rapids Glacier

| See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,,., meters of water equivalent; g/em®,
grams per cubic centimeter; °C. degrees Celsius; cm?, square centimeters, m, meters, b(s), snow balancs,]

Sample depth range  Sample Deansity Water Snow Temperature
{cm) mass equivalent Depth Value

Top __ Bottom @ (g/em®) (Mue) (cm) (°C)
0 40 385 0.23 0.09 0 -10.5
40 80 525 32 A3 10 -21.1
80 120 865 40 18 30 -16.7
120 160 785 47 18 80 -14.0
160 200 620 .38 A5 100 -11.5
200 226 505 47 A2 150 -10.0
200 -7.2

Average: .37 Total b(s): .84 226 -8.5

Nates:

Summer surface: ice
Average snow depth: 2.09 m
Sample cross-sectional area: 41.05 cm?




Table D16. Snow pit: 18 km site, 4/3/73, Black Rapids Glacier

( Sea Appendix D text for explanation of methads and terminoiogy. cm, centimeter; g, grams; m.., meters of water equivalent; g/om?,
grams per cubic centimeter; °C, degrees Celsius; cm?, squere centimaters, m, meters, b(s), snow bafance.]

Samptle depth range  Sample Density Water Snow Temperature
(cm) mass equivalent Depth Value
Top  Bottomn @) (g/cm?) (Mwe) (cm) ¢S
0 40 475 0.29 0.12 0 0.0
40 80 540 .33 A3 10 -12.0
80 116 505 .34 42 30 -9.6
60 -7.6
Average: .32 Total b(s): 37 100 -6.8
Notes: 116 -6.8

Summer surface: ice
Average snow depth: 1.22 m
Sample cross-sectional area: 41.05 cm?

Table D17. Snow pit: 19 km site, 3/28/74, Black Rapids Glacier

| See Appendix D text for explanation of methods and temminology. sm, cenlimeter, &, grams, m,,, meters of water equivalent; gicmy?,
grams per cubic centimeter; °C, degrees Celsiug; cm’, square centimeters, m, meters, b(s), show balance.)

Sample depth range  Sample Density Water Snow Temperature
(cm) mass equivalent Depth Value
Top  Bottom (@ (g/cm?) (Mwe) {cm) ¢S
0 15 100 0.26 0.04 0 -9.6
15 30 115 .30 .05 10 -11.2
30 45 120 31 .05 30 -11.0
45 60 108 .28 .04 60 -9.4
60 75 120 31 .05 86 -8.2
75 80 95 .25 ' .04
Average: .29 Total b{s): .26
Notes:

Summer surface: ice
Average snow depth: 0.90 m
Sample cross-sectional area: 25.5 cm?
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Table D18. Snow pit: 26 Km site, 3/3/75, Black Rapids Glacier

[ See Appendix D text for explanation: of methods and terminclogy. cm, centimeter; g, grams; m,., meters of water equivalent; gicm?,
grams per cubic centimeter; °C, degrees Celsius; cm?, square centimaters, m, meters, b(s), snow balance.]

Sample depth range  Sample Density Water Snow Temperature
(cm) mass equivalent Depth Value
Top _ Boftom (9 (9/cm’) (Mye) {cm) (°C)
0 40 475 0.29 0.12 0 -13.5
40 80 515 3 13 10 -15.0
80 121 565 34 14 30 -14.0
60 -10.0
Average: .31 Total b(s): .38 121 -86.5
Notes:

Summer surface; ice
Average snow depth: 1.59 m
Sample cross-sectional area: 41,05 cm?

Table D19. Snow pit: 32 km site, 4/4/73, Black Rapids Glacier

[ See Appendix D text for explanation of methods and terminology. om, centimeter; g, grams; My, Mmeters of water equivalent; g/em?,

grams per cublc centimeter; °C, degrees Celsius; cm?, square centimelers, m, meters, b(s), snow balance.)

Sample depth range  Sample Density Water Snow Temperature
(cm) mass equlvalent Depth Value

Top  Bottom (9) (g/cm®) (Mue) (cm) (°C)
0 40 490 0.30 0.12 0 5.4
40 83 825 .35 A5 10 -5.2
30 -6.9

Average: .33 Total b(s): 27 60 -6.8

Notes:

Summer surface: ice

Average snow depth: 0.67 m

Sample cross-sectional area: 41.05 cm?
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Table D20. Snow pit: 32 km site, 3/26/76, Black Rapids Glacier

[ See Appendix D text for explanation of methods and terminology. cim, centimeter; g, grams; m,,,, meters of water equivalent; g/cm?,
grams per cubic centimeter; °C, degrees Celslus; cm?, 3quare centimeters, m, meters, b(s), snow hatance.]

Sample depth range  Sample Density Water Snow Temperature
(cm) mass equivalent Depth Value
Top Bottom {9) (g/ecm) (Mye) (cm) (°C)
0 40 240 0.15 0.06 0 -16.0
40 80 530 .32 13 10 -12.0
80 114 495 .35 12 30 -10.5
60 -9.5
Averagae: .27 Total b(s): .31 100 -7.0
Notes: 126 -6.0

Summer surface: ice
Average snow depth: 1.42 m
Sample cross-sectional area: 41.05 cm?

Table D21. Snow pit: 32 km site, 3/14/77, Black Rapids Glacier

{ See Appendix D text for explanation of mathods and terminology. cm, centimeter; g, grams; m.., meters of water equivalent; g/cm’,
grams per cubic centimeter; °C, degrees Celsius; ¢y, square centimeters, m, meters, b(s), snow batance |

Sample depth range  Sample Density Water Snow Temperature
(cm) mass equivalent Depth Value
Top Bottom {9) (g/cm?) (Mye) {cm) (°C)
0 40 475 0.29 0.12 0 -5.0
40 80 620 .38 A5 10 -2.0
80 120 610 .37 A5 30 -10.0
120 168 735 .37 .18 60 -9.0
100 -6.0
Average: .35 Total b(s): .59 188 -4.0
Notes:

Summer surface: ice
Average snow depth: 2.05 m
Sample cross-sectionat area: 41.05 cm?
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Table D22, Snow pit: 32 km site, 4/20/83, Black Rapids Glacier

( See Appendix D text for explanation of methods and terminalogy. cm, centimeter; g, grams; m..,, meters of water equivalent; gicm?®,

grams per cubic centimeter; °C, degrees Celsius; cm®, square centimeters, m, meters, b(s), snow balance.|

Sample depth range  Sample Density Water Snow Temperature
{cm) mass equivalent Depth Value
Top _ Bottom @ (g/cm?) (Mye) (cm) €9)

0 40 320 0.19 0.08 a 0.0

40 30 575 .35 14 10 2.0

80 120 585 .36 A4 30 -4.0

120 157 600 A0 A5 60 -4.0

100 -4.0

Average: 32 Total b(s): .51 157 -35

Notes:

Summer surface: ice
Average snow depth: 1.63 m
Sample cross-sectional area: 41.05 cm?

Table D23. Snow pit: 32 km site, 3/18/84, Black Rapids Glacier

| See Appendix D text for sxplanation of methoeds and terminology. em, centimeter; g, grams; my., meters of water equivalent; gicny,

arams per cubic centimeter; °C, degrees Celsius; cm?, square centimeters, m, meters, b(s), snow bajance.)

Sample depth range  Sample Density Water Snow Temperature
(cm) mass equivalent Depth Value
Top  Bottom ) (g/cm?) (Mwe) (cm) (°C)
0 40 550 0.33 0.13 0 ~12.0
40 80 510 .31 12 10 -16.0
80 120 505 31 12 30 -11.8
120 139 500 .64 12 60 -8.0
100 -56
Average: 36 Total b{s): 50 139 -5.0
Notes:

Summer surface: ice
Average snow depth: 1.34 m
Sample cross-sectionai area: 41.05 cm?
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APPENDIX E

Summer Surface Temperature Estimates
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Appendix E. Summer surface temperature estimates

The summer surface temperature used to estimate internal accumulation at a site was mea-
sured occasionally. However, in most cases it had to be estimated from observations at other sites
on Black Rapids Glacier or from unpublished observations at Gulkana Glacier. Gulkana Glacier is
60 km southeast of Black Rapids Glacier (fig. 1) and has been monitored since 1960, which is
before the inception of the Black Rapids monitoring program. For some years, unpublished snow
pit data from Gulkana Glacier were used to estimate Black Rapids summer surface temperatures.
The following summer surface temperature estimation techniques are used: If more than one sum-
mer surface temperature was measured at Black Rapids Glacier, the missing values are calculated
from a regression line through the data measured there. This technique was used in 1974, 1975,
1976, 1977, and 1983. If only one summer surface temperature was measured at Black Rapids
Glacier and two or more measured at Gulkana Glacier, the temperature gradient with altitude cal-
culated with a regression of the Gulkana data is used to extrapolate the single Black Rapids tem-
perature measurement to the altitudes of the observation sites. This was done with data for 1973,
1978, and 1984, If only one summer surface measurement was made at both Black Rapids and
Gulkana, then the summer surface temperature measured at Black Rapids is extrapolated in alti-
tude using the average observed gradient at Black Rapids Glacier (0.89 degrees/1,000 m). This
was used in 1979, 1980, 1986. If no pits were dug at Black Rapids and only one at Gulkana, the
average difference between the two glaciers’ summer surface temperature at the same altitude
(1.4°C) is used to extrapolate the observed Gulkana temperature to Black Rapids, and the average
gradient is used to extrapolate it with altitade (1981, 1982, 1985, 1987, 1988, 1990, 1992.) And
finally, if no pits were dug at either glacier, the average of all observed and calculated tempera-
tures at a site is used for the summer surface temperature (1985, 1991).
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Tabfe E1. Summer surface temperatures and intemal accumulation, Black Rapids Glacier

[The summer surface temperature is used to calculate internal accumulation, b(k). in the “Site” column, the Guikana Glacier
(Alaska, 63° 15' N, 145° 25 W) sites are as follows: Gulkana A is at 1390 meters altitude in the ablation zone. Gukana 8 is at 1660
meters, near the squilibrium line. Gulkana D s at 1830 meters in the accumulation area, °C, degree Celsius, -~, no data or not

applicable.)

Date Site Summer surface temperature Intermal aceumulation
() ) (meters of waler/ysar)
‘Observed Estimated
4/03/73 19 km 6.8 - —
3127173 19 km 8.2 — —
2km — -79 0.30
4 km -8.0 - o
. 8xm — 8.1 0,31
"""" 228175 {4'km 55 = o
26 km 65 —_ —_
38 km £.0 —_ -
4 km S0 5.2 019
8 km_ — 53 0.20
'3/24(76 32 km 50 = o
4xm -— 7.2 0.27
8 km -7.0 -7.0 0.27
311e/77 32 km 4.0 —_ —
2km - 5.4 0.2
4.¢m —_ 52 0.20
8m 5.0 5.0 0.19
3122778 4'km = 54 024
8 km 6.5 6.5 0.25
3/28/79 14 km 7.0 — —
4km 73 0.28
8 km — -7.2 0.27
314/80 14 km 71 - —
4 km —_ 7.3 0.28
8 km — 72 0.27
o L19 kM — 6.9 Q.27
3/30/81 Gulkana B 4.2 — =
_2km — 6.1 0.23
4km - 59 023
8 km -— 5.8 0.22
L19 km - 56 0.2
3/27/82 Gulkana 8 50 — o
4 km —- -8.7 026
8 km — -6.6 0.25
4/20/83 14 km 55 —_ —
32km -35 — —
4 km — -85 0.25
8km = -6.1 0.23
3/18/84 32km 50 — —
44m - 65 0.25
8 km — -6.3 0.24




Table E1. Summer surface temperature and intemal accumuattion—continued

Date Stte Summer surface temperature Internai accumulation
(*C) (meters of water/year)
Observed Estimated
3123185 Gulkana A 65 -
4 km — -85 0.33
8 km — -8.4 0.32
4/04/86 14 km X:) e o
4km — 7.2 0.27
) 8 km — 7.1 0.27
3/24/87 Guh@na A 56 = o
8 ian — 15 020
4/16/88 Guliana B 40 - =
8 km — 59 023
4/19/89 8 km — T~ 0.26
5/06/90 Gulkana D -4.8 - I
8km - -6.7 0.26
5/01/91 8km - o 0.26
3126192 Guikana D 48 = o

8 km — 6.5 0.25







